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Abstract:

Lignin, one of the most abundant terrestrial biopolymers, is indispensable for
plant structure and defense. However, it also has a negative effect on pulp
and paper industry, biomass utilization. Therefore, the suitable modifying
lignin biosynthesis is one of the hotest topic in plant. At present, The
regulation of lignin biosynthesis mainly focused on MYB family of
transcription factors, and less reported on other transcription factors.
Ethylene can stimulate wood formation by cambium cells, but how ethylene
signal transduction regulate lignin

synthesis has not yet been reported. This project will focus on seventh
Ethylene Response Factors (ERF-VII) family which induced by ethylene treatment
in poplar.

The members of ERF-VII family from poplar will be studied by bioimformatic
analysis, expression levels in poplar, localization, and expression in stress
condition. then we will overexpress the target genes or/and inhabit by
Chimeric expressor Gene-Silencing technology to analyze lignin component
changes in transgenic poplar plants by FT-IR, GC-MS, and two—dimensional NMR.
Furthermore, how ERF-VII regulating lignin biosynthesis will be analyzed
through RNA-Seq, trans—activation analysis and Electrophoretic Mobile Shift
Assay (EMSA). These studies will not only rich the regulatory of lignin
biosynthesis pathways, but also provide the genetically engineering method to
modify lignin material from upstream regulatory genes

KW (ASHF0) . AR ABHRES: BRF BB KRR OmET

Keywords (FHH4r543FF) : secondary metabolism; the regulation of
metabolism; ethylene response transcription factors; lignin; ethylene induced
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Abstract:
Cymbidium sinense is high—grade traditional potted flower in China. The flower
shape is one of the most important character of its economic value, while
sepal directly determines the flower shape of C.sinense. Previous studies
suggested that the expression of B-box genes in sepal resulted in the petaling
sepals in orchid. We also found that there was a significant difference in the
expression of two B genes in sepals of different flower shape. But it is not
clear on how B-box genes are involved in the regulation of sepal morphological
development and variation. The project will perform the following study: (1)
Transcriptome comparision sequence on C.sinense with different flower shape,
screen and clone other differentially expressed B-box genes. (2) Observe the
morphological characteristics and cellular ultrastructure of sepal in
different flower shape varieties, investigate the expression pattern of B-box
genes in different growth and development period, different organs, different
physiological and abiotic stress conditions. Analyze the factor and rule of
sepals morphological variation. (3) Clarify the function of B-box genes by
transgenic and VIGS techniques, analyze their target genes related to sepals
development. Screen the interaction proteins of key B-box genes and analyze
the interaction mechanism. Above research could help clarify the mechanism of
B-box genes regulation sepal morphological development and variation of
C. sinense. The results will improve the floral organ development theory of
orchid, and provide the theoretical basis and gene resources for floral
directional improvement of C.sinense.

Ketia (5090« Fom@lsr, LR, 5525, 2 B-boxJkM

Keywords (FH4r54FF) : germplasm innovation; genetic resources; Cymbidium
sinense; sepal; B-box gene
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Abstract:

Elucidation of the biosynthesis pathway of monoterpenoid indole alkaloids (MIAs) and its
regulatory mechanism has always been the forefront and bottleneck in the field of natural
product biosynthesis for medicinal plants. Cadambine is a kind of MIA with important
medicinal value. The exploration of cadambine biosynthetic pathway is of great scientific
significance which will be favorable for applying the key regulatory factors to chassis
construction and heterologous synthesis. We have previously demonstrated the upstream
biosynthetic pathway of cadambine, and proposed a model of the downstream pathway. As
Neolamarckia cadamba is the only species reported so far that accumulates a high content
of cadambine, using N. cadamba as material, this project intends to demonstrate the
function of two key enzymes NcSQE and NcOSC in the downstream pathway of cadambine
synthesis through analyzing the in vivo and in vitro catalytic activity, cellular
localization and the transcriptional profiles and regulation pattern based on theories
and techniques of modern biochemistry, reverse genetics and molecular biology. This
project aims to identify the catalytic functions of NcSQE and NcOSC, clarify the
downstream synthetic pathway and the involved key steps, elucidate the transcriptional
expression and regulation pattern of NcSQE and NcOSC, and thus, uncover the mystery of
cadambine biosynthesis which has been explored for nearly 40 years. This research will
greatly enrich the MIAs biosynthetic theory and further develop and expand the cadambine
related research field.

REHE (AAS2T0) . Wi EWans A, R R

Keywords (FHH4r54FF) : terpenoid; biosynthesis; Neolamarckia

cadamba; cadambine; gene function

b
N
=



PN

[ % AR AR ST B E T (WUEEHIIHE )

MEAEFERR
BT
Y5 k4 HARE H HHRR 22 VA ZERAN U5 1 T H 5L YET (7]
@=D)
1 Es | 1966.10 | 5 Hi7 i1 020-85280962 §§g§0619661003 55 H 1155 A 10
. T s
2 | EkEEM | 1983.02| R ers - 020-85280259 22222719830225 ftﬁgﬁﬁ‘ He K] 2 8
3 Ak 1989.08 | %« el fii - 18820760615 g?ié%l%gog% LCM. R viie 8
ety i/
4| gkfRA | 1989.09 | & YU Mk Rl R 13560374816 [1 [0 o ;ﬁ%ﬁ%&)ﬁm Z) g
5 e | 1990.08 | B S i it 15820245143 ;1625530119900827 AR . CLSM 8
MNEL %44 Hh W+t A4 i+
11 1 9 3




VN % AR e T B (PO )

ERBAMFEEMESIMBMESR

TUH e#E . 32271908 WHMTTN: a5 SR T8
¥ BEH 2% SR
1 . B RWIH B A 54. 0000
2 1. W& 0. 0000
3 o WA E 0. 0000
4 2. kg 35. 6400
5 3. H N 18. 3600
6 o HAoRIE T4 0. 0000
7 =, fit 54. 0000

VE: T B BIET S F el 245 BURUS BRE H TS 0.



VN % AR e T R (BT

ME AR

(iBER (EREANFEESTE RS PMERRHIRA) SHEXER, RRBEERIEME. BEXMNERs
EMFEN, CEREREMENE. Bk, ERERNRIRER. WBE. FEBR=PGIER, SIKNES
RIHES ISR TR, SIEA > 5075 TehYIREIF AR EE, X BN < SO TTANRBZEADEKRE, MElEHRR
PURERERIMEER. BEIEHTLERR.)

2it: 54.0055%
1. #&% (0.00570)
TR K&
2. k%% (35.64 Figt)
(1) ME3 (15.047570)
TR (6.00578): BERFFRIATIRAR . GFPEAR. T-#REE 5Tl iy T AV 38 AW B
P1.00/576; RN VIEF1.00/570; Taqf. DNAKES2.00/770; RNAFZEL. cDNAK#5¢.
Ji LB HUR T £ 552.00 J5 TG
AAIRF] (6.00578): ZOGIKA1.00/770: Hl&PIAR3.007570: LA 1.00/570: HEWER
BRREEE1.00 /7 7T
SCIGHEM KA (3045 70): 0 TV ARSI HE HFEM (2.047570); AR E K
FFEFEE (1.001578)5
(2)  PEEIM TR (13.607570)
DNAJF (2.10/75) : DNAIF 927001~%3070/1M=2.10 /1 TG
FIME R (L50AT0): 51WE %5001 >3076/1=1.50 /1 7T
BOCILRAERMEE (3.007570): 200/MEx1507T//N=3.0075 7C
UPLC-Q-TOF/MSXZE (3.007575): 60/ x50075//M=3.0077 76
BB TIE RS (4.007570): 807N *x5007T//NE=4.0075 7T
(3) ERFH/LSWHE/BEREIE (4.007570)
EA . EPRFARSWZE RS 8 NI X0.577 76/ N1K=4.0077 C;
(4)  HRR/CCERAS BARRE /AR RS % (3.007570)
W % (3.007378): 35%x100007C//5=3.00 (J370).
3. %% (18.36 Aij)
575 %% 1A X244 H/A X 150076/ H=3.60 (JjJ0);
AT %% 2 A X360 H/A X 100076/ H=7.20 (JjJ0);
WitAE57 %% 3N X361 H/ANX70070/H=7.56 (Jizt).




VN % AR e T R (BT )

WEIES

WFFT N ARSI H Az I s BT

81T



VN % AR e T B (PO )

ERBARFEESHARTA. KIERLIKIES

HX B RPERETE HFNAEF

ANREE R W E R ARR AL W T ), sy h P AT BEBEIAATT
KA IR R R R BT TR Gt Dl iRk ZOR foin a4 XU 25 KU 82 1) T
WY CRTMEBSAE B BN L) SFR0E, MEK ARPIAREGZ R R TR H AR, I
Hot e AR IR, £ (HRE) 315 LI H It

) 5 CGbrEIm D) (2K B ARBHA SR G BT B30 H VR B i) I ERIHS (TR
) RBATRR. S H PSS A E R, B sT (WHED A2

(o) WAL “2nge” BR, PR EAT RIS R S5, M PRI ST st AT H (At
e 32271908) , VISEORUERESE AR E], SZINHOEA AR, KOS R DAL s, A
FHIMES et N, A LATH H S A BT DR R Fe kA 22 5

(=) HEFRHIRAS . BHAEBVEAMZAARIELE, INEIT RO TAE, X5t H AR e
ANIAF I SRALE REATRRTE , AFEARATIH 55 By il SR s AR TS R e R AR AT H ik
T RIS FEEARTIRE “HEAT . AERCRE A R JE A TR AN S, F
PSR T AN B H A8 53 A 33 1S RIS EOR AT T 5

(VU s BRI, SAFRM AR, THEORSE, JBR AR, SROTFSTRER. L, A
NAZZ RFAREEARMNAE, AMEFERAR AL PG AU K5

() K3 H Bt 4 T 5 AIH B AR RSO, P SRIRG I 2, Rl
FEIH Bt s ke

(750 Aer I3 H 2B L 2B RN B, DR~y DL AR DG ZESK

T BB, A NSRS 5 BB S 2 S A SGHR I At 1) 2% TBUAR B R

WHGFA (BT
G| H
M HG AT RS B < K FE AL A 558 B D
SN (B PN () .
£ A H £ A H
E X B AR E ST B KFEBALATE

F AL AR LB [ 5K AR AR I H R ORAEIH 52 Dr A ST S M AR E AT 5T
H ST K4 F, T M7 [ K QR R R 0L A R BE B H A BE . T H BE 5 B, RHT R
O BARHR G B AR S e, B St

IN

KATHAL (2
F

)
H H




% B IR A R ST B U H T (BUEEHIHE )

R BARFEESZEIEH SRR

T W B B4k ¥ ¥ m B ook M

ko Ak A AL
TN () -
C S

EESIC RO S/E
TN () -
C S




InE%=:__ 2017KQNCX020

J"HREHET 2017 FERFE ABBHE (BRABE

R

BAZFTIEET (RTEHR “I AERSHE AFEK IR EIREE
BAEE” KA (BEME (2014) 130 8) M (JCHREEHETRTHEF “8)
PR TRE” AT E S TAERERY (BREE (2017) 225) .

IR FERRS 2848 E I8 R AL BB KRR E (FFEEI A4 2. Rt sl

F) P HUIEAR I FRARAAGTHE 7 T WU AR AT S e Bk DR X T BE 4 5~ J8EST 2%

AR :

1. HHBL (FJP RS AERAL (477 2HZHE Bk
S ARFE B (AL

2. GRBHRFEM NG TUHR . ZWTE . 3R Bt H Az &
TIUHA R 452 RO AT

3. U7 WA R T AR AR ) F 7 ik bR R kR . A
W, WITAERCEEER

4. HFEPATERE S, 277 T AT S BUE A [ R B Sk, Mg (G
HINEY A 3R AR T AR R B A G iR, A G . F 4R
HAE SR, B R MmN RS E S0 R iscar, W7 A5
& F AT .

5. 75 BRIFERRE FEUEAT S TEAT, M R& G, R FEIEN
4 B A R AR TR 22 S IFIB FUM R N A 54T W L 07 WA S & b A 2
K, HOT A BURYE SEBR B AR Hh 28 1B A R A A B

6. LWL (CRTER “T"RESELE QIR LA LIRS E
PRIME” HIEFN) (B H (2014) 130 5) .

7. GEIERCA KT, FRITEM, LITE .



REREA (R %% (R

o % A4 A




R 4 -
Jt & A8 5

WAS: 002

10, AR5 B b A AT AT 002
10

ITREEESREFFEMAAIE

BHiFH (BARRF)

%k Al: HFEQFALTE

& M IR F UK A L R R R U o T AL A
M B A 16 A [ B 3 B K R

T

¥

1A REAE

7w A FHL: 18802030615

¥ K KEAVAE(ET)

" HREHE TH
—O—AE+—H



WAS: 002

EXER

SRR T 25 P FE ARG ) S AR R PTIE Sy T WL ARATT B M3 de 222 IR 1R Dh R 4 v
I H 2 HELAATH
0] LR 9T H 1 430 8 (JiJn)
T P
FH— Ry - ey
: F
= S
SN
- HRIFFEAS | 2018. 1 HRISER A | 2020. 12
v A% LAV AR AR EAR
T SR T 2 1798
1’5; R BT R S YN - %4 FL I it
H
A
[ XU HABH "ooH 5B R k| DUE
Hi AR 4R H 1987.6 2 | WA ¥ L |
7 B K Hh % G
if VAN RS 02085288262 F Ml 18802030615
= — 2R} qe 2 e} bt &
B P R4 liuchaoyang@scau. edu. cn SIS 410182198706153352
N =2
WREK FER P D RE % 2 S AL 7T
RIRIFEE R R E JE 2 P2 R BB R R, A 9% SRR N B AL S P FE 40 SC N 7E 4 7L
P, B PUIEREJIRIC R S A RN 2R 55 A R, 2 i IR A S A i IR IR B T O Ik S 3R
P99 B P FERN 5 104G 0T B . AT E 8 R F R 2840 i 15 IR 545 1 3 B BT IR AR A i S AR AR A R, A B
I 55 21 2 RN U 4H 55 40 2 T BURIE 90 SR8 Rk 5 568 R R PEAR IR 38 22 ML ) 22 575 AR 24 HE O
(0% 35 P 8 J2k IR 3 o a8 A% 2 AL B IR JE R (1) T BE » AR T B 1 St Ko 41020 1R B 9 28 B FE AR SR N TE 70 T
g | MU, A PR MEAR IR A i R B2 E N S
7

KT W R PUE; DhRERIE; MR R




WRAS: 002

B AR5
B CERBTND [ g IES - il £ ot
5 0 3 2 2 1 2
w4 PE | AR A AL AR WH 5 T TAR AL TF FC Ak
Jefitty | 1989.9 [ 2 Pl oyt Herg Al KA bl Z M EVIBOR
Ry v | 1985.9 it 1 % RIS HT C PN b Z R AEER
ik | 19906 ¥t GV eSSV E valls Herg Aol KA bl 2 EVIBOR
R | 19946 ¥t IV S A AR R4 Herg Aol KA bl Z A EVIBOR

b
w
=




KERIFR

WAS: 002

CE#pfr: 7370

PEAH BIFRR TREH #1E GHEKES B
— R4 7 3. 0000 J3 7T
N7 W = N 2.0000 /57 B S AN 2 00 1 2
2. SR, R 1.0000 73 7t S IN2EAR S} 3 A28 1 2 45
3. IR SCHR. (5 EALHE 0.0000 /37t
4, FAfth 0.0000 /5 7t
= R 2R 4. 0000 Ji 75
1. AR BRI ZisE S | 4.0000 J5TG SE 58 e 75 (A RUREA B A 7 24 i 46
2, Hdth 0.0000 /5 7t
=, R ER 0. 0000 3G
1. W& 0.0000 /575
2. 1kl 0.0000 /5 7t
M. %55 1.0000 F 7t F T S T AR 1K 57 45 %
T HAt#A 0. 0000 J3 It
1. JiJt
2. JiJt
3 JiJt
4, Jizt
&t 8. 0000
FAthrt- R 5t B %% | 0.0000 /57T
5T H A R H AL Sk HoAh 2 % B ) 0 /it
HABZ &t 0. 0000 /3G




WAS: 002

HERE R
75 FEC 11 ] B B MR 7 AR R B Bt H A
X 2018.1-2018.12 SIS AF R AR IR I8 A R 55 | RIS A 22 A B 110 23 bl 7 5 R
ZH A AR ZE A s R B o AT
2019.1-2019.12 DL DR ) T e A2 90 AR 0 | i IR 45 21 O B 1 22 S 2 IR T e gt AT a8t
. AT AL LT A
2020.1-2020.12 LM RO SR b | 49 2 BH 3 2L R M R R e R 1 S
3 I8 35 2
4
FHAR R
SR 1
wx G Horh. CSCD # LT
= RE5IGRE 1
L& (D
RS Gf)
H i
e
2
LR (D
H i
Horp R LR
2
Y R (D)
WAEIE (3D
sk O (BG4, #ees)
FHEA (W) (B TEE)
HoAth




WAS: 002

HiFHIEX

1. BIABX

W N REL, N EEFREARLN, A=K R —. HE 5™
P RPN IX, WMIGIRBUK, PUFEREJELE, TCIEHI M A SR H IR,
3'CHi%E 24h UL b, AR AU AR 2 AN [F) R FE 1) 22 2R 03 AR L SR BT AN 2 i i 42
S5 % (Bartholomew et al. 2002). 1 [E @t 5o 85 A 7= K IE 22—, Hh [ A g 3 AR5 X
W AL X, CHERRREAE 80% L EM KR~ X, XZEL AT /A gE
ERMZ T, SZEARREMGRGE. RESHmEDREKRRSE, 5IEHY
FRAEFRFRARARAL, FEEY &AL BN AEE BRI 2 FEEYAE T (Yaday
2010). fICIRTEH OO BRGIFRE R 2 R i) — DN EBER R, & FhiIEReI5mm
WA, AT DURRARIR R AR, D TEERERIR, PRSI X, 2
HRAR 9 25 A 7= P IGIR FE A T B

WK BMINENRRIEE . R EMETER, BT MM 52571,
BEXTPUIE IR A B RIE P A AT IR TS 9795 S AR AR R p & AR KR
RGN TC I /AR S, A SCA I R AR i e $R it 1 % MR ok Y. S T
HAASER R SAR O E B RS i, e a ke, it B, X vimid g
MBS IR 77 150t 643 B0 R B P SEA0 Mtk Rt TR H AT R T B MEAE G
PRI 9 3 B2 S0 3 8 S2 AR 58 37 I HO TR A R AE T 28 A0 A SRR AR O 5, %
T PUIE S T HVERIRNG FAIN D . R E B 7R F 40 M 3 52 05 1218 2 18
EH AR AR, SRS, RBHESHEFRIMRTEKIE
HRNES THUH, ZEEWES TR IFER IR TR, PR
WAEB RS T RENEREFRT DM EEE REEEHISER.

2. ENAMEFIR. KPRBEA T

2.1 HARRAERERIE ST
PRATMTE Y R A SR AL S U IR R T BB R, 28 53 007 A A
JEAE A, ISR LRGBS R MR AR 272 o SRR, 2

e



WAS: 002

DI 72 S BEFRBEEM ARG TR 5% T I [) S 22 [R] 3 40 2 5 M) AR 4 i 70 S5 ) A AR A
# (Krishna et al. 2016). AT /B R B AL RMR R WER. BETRE R
P, B AE SRR 23T HLER (T 70 2 it B 138 B 4R 016 =5 & 1Rt A% BRI

TE LA IR I P o 5 & T AR S IR BE I, AT DA SR 5 (0 PR T 728 1 41
BAT R MRS, AR TR R A R Rk . MBS E R T, AA
AR IR AR A [ R [0 438 AT CATE A PR 2 1) AT 3 AOBABE S S S O AT Y, 5 K B4
MR B TRIEAE Y B A AR o R A B AR R 4 R 1 045
EHEIEE, —R&ABiEE. PR PUR. PO TR AR, i R R BUR
RAFME . BREIBTK TR RA A B T 5 T AR A L M A7 2 B 25 B U S8 40 i A%
ARG, Rt s e ok (MROEMSE, 1999; Caboni et al. 2003; Li et al. 2010; Li
et al. 2012; Nacheva LR 2014; Krishna et al. 2016), L —Sshifi ok fase . REMHIR
It R AR AR R B T B RIS bR AR = . P SRR R ERAS [
AR BT MIRAR S 1 73 T AL FU SR AL T BRARIR B AL RARL, BT RAS AR
WAL ZE AN HT . AL o b B Bt DR (2 40 R0 45 58 55 TAE CU7E 2 M A 4% FE T
BN, sk HBEE IR, FEIUM IR RS ARERMMEEREE, — &
B B AR B R A B AR BRI (B35 R IRRIE, A2 R S AR PR BT MR f) 2 L IR
% (Lietal. 2012). IRABFFIRALMAF=A M NTENLEL, A B IFHB| S PR VI
I f) — Lo SRR I DR 7 B [N R A5 R, P AU AR 1 0 B8 0 S 1 T O 288 58
AL B R L
2.2 EYITENE KT AR

IR A2 PRI AR B S A 1) T B P 12— o IR i 3 SO Y
A= P RS B A RIS P 50, BRI R G, SRR AR, SRR
Al AT EA PEPRES, RS SEYRR R, B B KR E
(Yadav 2010). AEALEAHAIIBEAG IS R 314G 1 AH LK RO IR P38 i) A EERLA, 7T
PURGIAN RIS =, I AR R B i an v Ve Rl . iR . Atk e . DL
ERBIE TR, ISR AR IR e R Pl B A5 55 o e SR A TR AR 5
B I AR 2 BIAH DG B R R R T 5 R e, TR 2% A T R R P M RE AR SR S AR K
FEEE B AR T X IR M 27 2L R i 4% . CBF AR N & T2 A2 78 2 FRE Y 14 9tk
AR RR T HEEMIER, HAB R E G CBF #at i 1r] DL E e —
FRIMGIR R EHEH 3%, TEMYIPTRELFE i 47 FF K 1E H (Zhao et al. 2016).

T



WAS: 002

FEY RN A7 AE— SR 7, ndll s ot ZAT10. JKAEH Y MYBS3 5%, J@id A
Wt CBF i 45 184 ok R 42 M 0 IRIRR. 2 (Su et al. 2010; Nguyen et al. 2016) . A5 [F]
F R 2 38 A% () A7 AE 75 AH TLAE A W [F) R R A BLAR], X0 S e 17 A ARG T Iz 5 1A
P25 X 5% 1) 1 P 2 4+ 1% (Zhao et al. 2015).

L) 1R P M T2 T 20 25 DR ol ) 80 1 OIR S B 2 A 5K 1 % B 8 8 MR A6
(QTLs) Wy 5 e BEMX M. HFHORIGE, DT RIWT R4 138
AT B DI AR A AR A F o oing, RN T fiddr 2 Aid
YIAEARIE NG T 140 T N Z ML (An et al. 2012; Wang et al. 2015; Shiratake and Suzuki
2016). B AFORRIRIA, BENS A T A s AIGIR Bl B R R A K P ) Rk AR
e, WKFERE 7 ADHRIE A T Y3 KRS R A (Sinha et al. 2015).
BT B RPUIERN BT S A e M B e s A 7 LU A, A B T 4290 B MR Ry = AR
T AR SCA T BE , 11 AT DASE DGR N ) B AR LU E 1 20 T RN, A GO 9T T
PRI R OAE KRG B fil %) B8 L. RS Z MY A R E Mk IE (Zhang
et al. 2012; Xin et al. 2013; Chen et al. 2015; Yang et al. 2015; Yang et al. 2015;Han et al.
2016; Tan et al. 2016). %, Zhang %5(2012)iEid 54 0 b KB, REMHA T E L
RIS RIFE K ARG S AR b BRI, T 58 22 R DX ) R IR FE VA BURAD R Bl At . I
T P AEL T 05 A A e S R R ) B s AL T R, P AR AR —
RN 7 R R RIR N R ], R UMIGIR il T e e e 5 3 7 B AR A A
) —Le QI IE % (Xin et al. 2013), — L IR B A R ML, 40 i
7K 22K ShDHN, H7 4% 4] f[f) GRAS KHE IR T PATL 2[R %%, MH4kfE £ Rl
YA B i O e ok, R Th e 45 DA — P IR E (Liu et al. 2015; Yuan et al.
2016).

e R R R IL i 278, o 55 24 5 MY I 5Tl IR 5 % A
Ko HET GC-MS HARBHFEHA, 7T LA AT AR E TR, R, &5
W2 MR RSNy v AU i & A4k, A B T el & A 5 Y IR e % )
FRRHEYI T, #3238 2 pAaHE R, el B RS R s HdE
REMS 407 (L AR BT R U SEAH OGO AH 5C 70 T (Obata et al. 2012) .

2.3 WEPRMARRE

9 35 h SRR 5 A 7t 2 B AR A 175 5 R S R SR sl S5 07 T, 9 A

Kb B o AR IR B B FT, R 22 B 9E T 5 3 B TR AR AR 1K T 28 S A2 BR AR B 1)

H8



WAS: 002

%€ (Maruthasalam et al. 2009; Raimbault et al. 2013). H fij>=T# ZHE T Fh L A%
oy TR B AR IE IR 2 D, — @R RS2 IR T HusE Mo BRI AR B = . 3
ERWRA IS, aBE s, 40 ik 22 (Ming et al. 2015). KEDE R
0y 2 WY 92 5 VA AT R JVR S 2 LA AR, A A AR RS E R A B RS L (]
A HEEE, 2010) 5 AT A 400 B 355 57 07 16 75 2 B8 % A 18 388 4% B AR 20 i R AR A M4 el
Rt TR fE. PeTTez 55 (2012 4 TR TVE, $/13 1 S CP3R5™ Al ‘Dwarf™)
FERLEA . AR EE L T HAAEREL T, Bt KRR E AL 1) 9% 2 A 40 i
TN RRABAIR R . H BTAESE 2 b i AR 8 A0 55 7% 0 7 3T U R e R )
FHORARIA

3. ARIRE B 5B B

gi BRTIR, — RPIGU R0 AR A E i 4 0 5 R 1) - BOB R 45 ok, 7R
ARV R BT R A B I A 5 e T HLERRIE 7E . N AEA DU IR B 30 A 2 R 4R
Bt 7 E BB FEA. FE PR VR ZE A A H ADSCEE 21—tk B MR R T R
Ja» SRR AR FE g DA AR, A5 B BRI A e RO AR A I A
AR, IR TRAE S R RIR I e I A V5, BRED Rt —HAE 0°C+72h Hdim
R e, VIBEIEH A K I PURAR M A A Ak PUFRA S E B A AR bR I 5
RYIAE MR PUIENERERIRIETE, 70 A Al A ILHAE 7 7 /KA AR RS E 1 38
AR5t AT H A CA PUEE AR S RASRM R 2R E 2R P F e 2 S AR
H2p 5 R A ROR T B A5 A P2 IR AR 8 R HTTE SA RS A 8] ) 701 R
PLEIZ S, BTG R R AR AENE, NPz RETiREN,
Fixt— BT RERNRIER R TIRE, DHARS IR T RENEN LIRS
WAL R B B SE RS B Al

FEESE IR K HAL:

LRGBS BUKA:, LR A G I A NS R AR O 3RAT SO B vE s AL A2 g PR BT 7. M 224k, 1999,
41(2):136-141

2. faplkfe, JiRK, Sy, &5 RO A SV AR g I A VRS AR RO AL AR LS. T R, 2010,
37(5): 690-696

3. An D, Yang J, Zhang P (2012) Transcriptome profiling of low temperature-treated cassava apical shoots
showed dynamic responses of tropical plant to cold stress. BMC Genomics 13 (1):1

4. Bairu MW, Aremu AO, Van Staden J (2010) Somaclonal variation in plants: causes and detection methods.

R



WAS: 002

Plant Growth Regul 63 (2):147-173.

5. Bartholomew DP, Paull RE, Rohrbach KG (2002) The pineapple: botany, production, and uses. CABI

6. Caboni E, Anselmi S, Donato E, Manes F (2003) In vitro selection of Actinidia deliciosa clones tolerant to
NaCl and their molecular and in vivo ecophysiological characterisation. Acta Hortic 618: 77-83

7. Chen H, Chen X, Chen D, Li J, Zhang Y, Wang A (2015) A comparison of the low temperature
transcriptomes of two tomato genotypes that differ in freezing tolerance: Solanum lycopersicum and
Solanum habrochaites. BMC Plant Biol 15:132.

8. Han J, Thamilarasan SK, Natarajan S, Park JI, Chung MY, Nou IS (2016) De Novo Assembly and
Transcriptome Analysis of Bulb Onion (Allium cepa L.) during Cold Acclimation Using Contrasting
Genotypes. PloS One 11 (9):e0161987.

9. Krishna H, Alizadeh M, Singh D, Singh U, Chauhan N, Eftekhari M, Sadh RK (2016) Somaclonal
variations and their applications in horticultural crops improvement. 3 Biotech 6 (1).

10. Li C-y, Deng G-m, Yang J, Viljoen A, Jin Y, Kuang R-b, Zuo C-w, Lv Z-c, Yang Q-s, Sheng O (2012)
Transcriptome profiling of resistant and susceptible Cavendish banana roots following inoculation with
Fusarium oxysporum f. sp. cubense tropical race 4. BMC Genomics 13 (1):1

11. Li R, Qu R, Bruneau AH, Livingston DP (2010) Selection for freezing tolerance in St. Augustine- grass
through somaclonal variation and germplasm evaluation. Plant Breeding 129(4):417-421

12. Liu H, Yu C, Li H, Ouyang B, Wang T, Zhang J, Wang X, Ye Z (2015) Overexpression of ShDHN, a
dehydrin gene from Solanum habrochaites enhances tolerance to multiple abiotic stresses in tomato.
Plant Sci 231:198-211

13. Maruthasalam S, Shiu LY, Loganathan M, Lien WC, Liu YL, Sun CM, Yu CW, Hung SH, Ko Y, Lin CH
(2009) Forced flowering of pineapple (Ananas comosus cv. Tainon 17) in response to cold stress,
ethephon and calcium carbide with or without activated charcoal. Plant Growth Regul 60 (2):83-90.

14. Ming R, VanBuren R, Wai CM, Tang H, Schatz MC, Bowers JE, Lyons E, Wang ML, Chen J, Biggers E,
et al. (2015) The pineapple genome and the evolution of CAM photosynthesis. Nat Genet 47
(12):1435-1442.

15. Miyao A, Nakagome M, Ohnuma T, Yamagata H, Kanamori H, Katayose Y, Takahashi A, Matsumoto T,
Hirochika H (2012) Molecular spectrum of somaclonal variation in regenerated rice revealed by
whole-genome sequencing. Plant Cell Physiol 53 (1):256-264.

16. Nacheva LR, Gercheva PS, Andonova MY, Panayotova DV, Dzhuvinov VT (2014) Somaclonal variation:
a useful tool to improve disease resistance of pear rootstock ‘Old Home 9 Farmingdale’ (OHF 333)
(Pyrus communis L.). Acta Hortic 1056:253-258

17. Nguyen XC, Kim SH, Hussain S, An J, Yoo Y, Han HJ, Yoo JS, Lim CO, Yun D-J, Chung WS (2016) A
positive transcription factor in osmotic stress tolerance, ZAT10, is regulated by MAP Kkinases in
Arabidopsis. J Plant Biol 59 (1):55-61

18. Obata T, Fernie AR (2012) The use of metabolomics to dissect plant responses to abiotic stresses. Cell
Mol Life Sci 69 (19):3225-3243.

19. Pé&ez G, Yanez E, Mbogholi A, Valle B, Sagarra F, Yabor L, Aragén C, Gonzdez J, Isidréh M, Lorenzo
JC (2012) New Pineapple Somaclonal Variants: P3R5 and Dwarf. American Journal of Plant Sciences
03 (01):1-11.

20. Raimbault AK, Zuily-Fodil Y, Soler A, Mora P, Cruz de Carvalho MH (2013) The expression patterns of
bromelain and AcCYS1 correlate with blackheart resistance in pineapple fruits submitted to postharvest
chilling stress. J Plant Physiol 170 (16):1442-1446.

21. Shiratake K, Suzuki M (2016) Omics studies of citrus, grape and rosaceae fruit trees. Breeding Sci 66
(1):122-138.

22. Sinha S, Kukreja B, Arora P, Sharma M, Pandey GK, Agarwal M, Chinnusamy V (2015) The Omics of
Cold Stress Responses in Plants. In: Elucidation of Abiotic Stress Signaling in Plants. Springer, pp
143-194

23. Su C-F, Wang Y-C, Hsieh T-H, Lu C-A, Tseng T-H, Yu S-M (2010) A novel MYBS3-dependent pathway
confers cold tolerance in rice. Plant Physiol 153 (1):145-158

24, Tan H, Huang H, Tie M, Tang Y, Lai Y, Li H (2016) Transcriptome Profiling of Two Asparagus Bean
(Vigna unguiculata subsp. sesquipedalis) Cultivars Differing in Chilling Tolerance under Cold Stress.

#10 W



WAS: 002

PloS One 11 (3):e0151105.

25. Wang M, Zhang X, Liu JH (2015) Deep sequencing-based characterization of transcriptome of trifoliate
orange (Poncirus trifoliata (L.) Raf.) in response to cold stress. BMC Genomics 16:555.

26. Xin H, Zhu W, Wang L, Xiang Y, Fang L, Li J, Sun X, Wang N, Londo JP, Li S (2013) Genome wide
transcriptional profile analysis of Vitis amurensis and Vitis vinifera in response to cold stress. PloS One
8 (3):e58740

27. Yadav SK (2010) Cold stress tolerance mechanisms in plants. Agron Sustain Dev 30 (3):515-527.

28. Yang Q-S, Gao J, He W-D, Dou T-X, Ding L-J, Wu J-H, Li C-Y, Peng X-X, Zhang S, Yi G-J (2015)
Comparative transcriptomics analysis reveals difference of key gene expression between banana and
plantain in response to cold stress. BMC Genomics 16:446

29. Yang YW, Chen HC, Jen WF, Liu LY, Chang MC (2015) Comparative Transcriptome Analysis of Shoots
and Roots of TNG67 and TCN1 Rice Seedlings under Cold Stress and Following Subsequent Recovery:
Insights into Metabolic Pathways, Phytohormones, and Transcription Factors. PloS One 10
(7):e0131391.

30. Yuan Y, Fang L, Karungo SK, Zhang L, Gao Y, Li S, Xin H (2016) Overexpression of VaPAT1, a GRAS
transcription factor from Vitis amurensis, confers abiotic stress tolerance in Arabidopsis. Plant Cell Rep
35 (3):655-666.

31. Zhang T, Zhao X, Wang W, Pan Y, Huang L, Liu X, Zong Y, Zhu L, Yang D, Fu B (2012) Comparative
transcriptome profiling of chilling stress responsiveness in two contrasting rice genotypes. PloS One 7
(8):e43274

32. Zhao C, Lang Z, Zhu JK (2015) Cold responsive gene transcription becomes more complex. Trends Plant
Sci 20 (8):466-468.

33. Zhao C, Zhang Z, Xie S, Si T, Li Y, Zhu J-K (2016) Mutational Evidence for the Critical Role of CBF
Genes in Cold Acclimation in Arabidopsis. Plant Physiol pp-00533

— IRFR

1. EEHITTE in 55T 5T AR R <8R i

1.1 BB
® UIBLIETASA T SRR, AT (R 2 ) 4 T SRR AR, )25
P BT 95 45 270 A % PR VR4 L % A1 X 2%
® LIRS IR R M T A, o PUIEMEIR I R T
3
1.2 FANE
(1) fEIRHNE TR FAS
3 ARG, Ak 3 [ 7 B £ 8 P o B ALk B e BRI RN BEAT- 6 44
Wi RHBAR IS E T ) 45 B2 L B A DG 46, LA R Rl A ek TRAEG B i
[ ek 2 5
(2) fEIRMHE T RS ST
3 ARG 5, AL 8 S B 7 B £ A8 A/ 3o BB LMK BB B, 25T GC-MIS 17 1%,

#11 W



WAS: 002

s AR N AR R S AL, IS B B DA ORI AR
PR, FEIRAN IR LA A Y 2 2 5 I A i

(3) RERMRIEEF FTZHE

ERE e AR AL I 8 R HEAS R} Ta) AU B AR DG Y], e UG IR i
N RAI R B R R IB AR AN T B A RO ) i 72 e R R, S A A T
REVERE. EE PCR WL, Aa)roufi it B, #E—Dimikhie ik e s piset
Pl

(4) fiGEEER KT RE Rk

FE S A s DR F) il BB A, A R AT R IR R 2 . e et
DIBHPERE AR, SR 6 2 SRPUTR TR AR PPN 25 € FRPERR R IO PUIRTERE, SR bt I (X (1 2
RE.

1.3 SR REISCHE 9

AU EXT o IR ML A AL A IE FEARS B2, 36T DUoE ARG 1 70 T IR LR
BRI A Th BEAE 45 5 T AR BONBR Z o AT H R LA 25 1 T8 14 4 it 98 A8 1A Dy 2k
AR A, B R R B R R R KA NENE, REREKNZE
FRIEEFFBIEHTIA, IR E SRR A8 1% 5 R 2 EE AR E 12
2=

2SRRI R T BARBEL . R TTRMEAT S
2.1. SEWFR
(1) HHFsE

M52 5 T 7 B R DX UACHRE R L AR A RS o FH R R R, 2 B SR RS I
R, DA BOEMIIG SRR A B s 2 kL, RIS &I iESE 3 Rl
FEICIRE (0C+72h) RIERIFIE /G, ViRetE KRR PSR R R . Hi5E
FHORA FRFR AR I 58 45 2R BoR RASRA R ZEVE B RIRSE T, 70 FhRid 4 R R WK
AR B SR AE 73 T K R TME AR . BRI DR AT T [l 205 B 9 24 PR
R FRE N, R BRI 2385 75 T BON % vk R AT 9085 9% SO %,
A3 2 2 B i AR G AR 28 IR LU T 5 220 — R 7 B K iz
(2) FEFAN T RBEE SR

#12 W



WAS: 002

WEFEHUIERE 7538 H 0 TR B AL AR /NI RAS AR bk R BEAT 5 B e 4143 17 IR
AbFE Ohy 4h. 24h. 72h SRl BORE, AN T BRE I AN B S . R Trizol
VAR SR L) RNA, AEIE IR SRS, EE R llumina HiSeq 7
G, SRR G S P LA A b 22 i s S R R A IR A F) S (AT
GRS o FRARREEEH Trinity %44 (Grabherr et al. Nature Biotech, 2011,
29:644-652) , {{if Blast2GO #1T GO DireiERE, KA KAAS #1T KEGG Rt ik4e
TR B ZE R RL kA edgeR #ff:(Robinson et al. Bioinformatics, 2010, 26,
139-140), FFikBI{E v padj<0.05; GO 1 KEGG Pathway & 7> #71# F TBtool [ #
4% Chttp:/icj-chen.github.io/tbtools/ ) . %% 5% 2H 43 7 45 F v L K 0k % 55K FH qQRT-PCR
7B IRAE . RNA B 52 Titanium® One-Step RT-PCR Kit X7 £

(Takara) B0 W #E4T, & PCR 1§ [ LightCycler® 480(Roche) S 7 )it 5E & PCR
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Bilingual Teaching Exploration of "Forest Tree Genetics and Breeding"
under the New Agricultural Project

LONG Jianmei, LIN Yuanzhen

(College of Forestry and Landscape Architecture, South China Agricultural University, Guangzhou, Guangdong 510642)
Abstract Bilingual teaching is one of important directions for professional courses reform under the background of
the New Agricultural Project. "Forest Tree Genetics and Breeding" is a professional core course for cultivating talents
in the selection, breeding and reproduction of forest tree. The implementation of bilingual teaching of "Forest Tree
Genetics and Breeding” |aysthe foundation for cultivating new-type talentsin forest tree breeding with an international
perspective. This paper mainly discussed the problems in the bilingual course construction of "Forest Genetics and
Breeding", and the corresponding improvement measures were proposed. This study would provide reference for the
bilingual teaching reform of "Forest Tree Genetics and Breeding” and other similar courses.

Keywords New Agricultural Project; Forest Tree Genetics and Breeding; bilingual teaching
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AcCBF1, exhibited enhanced cold tolerance in transgenic Arabidopsis
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ARTICLE INFO ABSTRACT

Keywords:

Sucrose transporter (SUT) plays essential roles in plant growth and development, as well as responses to diverse
abiotic stresses. However, limited information about the function of SUT was available in pineapple, an
important tropical fruit crop with crassulacean acid metabolism. Here, four AcSUT genes were identified in
pineapple genome, and divided into three clades according to the phylogenetic analysis. The expression profiles
of AcSUTs were systemically examined, and they were all localized to plasma membrane. Transport activity assay
by two-electrode voltage clamp of Xenopus oocytes showed that AcSUT1A and AcSUT1B were capable of
transporting a range of glucosides, and they were exhibited high affinity for sucrose with Km value of 0.09 mM
and 0.41 mM at pH 5.0, respectively. Overexpression of the cold-induced AcSUTIB conferred enhanced cold
tolerance in transgenic Arabidopsis. DNA-protein interaction analysis further demonstrated that AcCBF1 directly
binds the CRT/DRE element of the AcSUT1B promoter and activated its expression. Heterologous expression of
AcCBF1 in Arabidopsis also increased cold tolerance. In this study, we investigated the transport activities of
AcSUTs in pineapple and identified the AcCBF1-AcSUT1B module involved in cold stress, which provided new

Pineapple

Sucrose transporter
Cold stress

CBF

insights into the molecular mechanism of the cold response in pineapple.

1. Introduction

Sucrose is a major translocatable product of photosynthesis produced
by green leaves and is transported to sink tissues through the long-
distance pathway [1]. It not only served as a source of carbon skele-
tons and energy to support growth and development of sink organs
incapable of performing photosynthesis, but also played a crucial role as
signal molecule in plants [2,3]. Transportation and distribution of su-
crose from source organs towards sink organs is mainly mediated by
sucrose transporters (SUTs), which are transmembrane proteins
belonging to the major facilitator superfamily (MFS). Typically, SUTs
have twelve transmembrane spanning domains with N- and C- termini
and seven-numbered loops in the cytoplasm [4,5]. Members in SUT
family were functionally characterized to modulate the flux of sucrose
over cellular membranes, with acting as proton-coupled sucrose sym-
porters in a pH- and energy-independent manner [6,7].

According to the homology of sequence evolution of sucrose

* Corresponding author.
E-mail address: liuchaoyang@scau.edu.cn (C. Liu).

https://doi.org/10.1016/j.ijbiomac.2024.137952

transporters, the SUT family has been divided into five clades:
SUT1~SUT5 [8]. The SUT1 clade was specifically found in di-
cotyledons, whereas SUT3 and SUT5 is monocotyledon-specific. SUT2
and SUT4 were shared in both dicotyledons and monocotyledons. Since
the first plant SUT gene (SoSUT1) was isolated in spinach [9], a growing
number of SUT genes have been identified in numerous species
including herbaceous annual plants such as Arabidopsis [10], rice [11],
tobacco [12], cotton [5], sugar beet [13], and woody perennial species
such as poplar [14], cacao [15] and citrus [16]. For most plant species, it
has been indicated that SUTs was a small size gene family usually with
less than ten members. For example, there were nine and five SUT genes
that have been identified in Arabidopsis and rice, whereas five were
found in the model tree genus Populus [14].

Transport activity plays a crucial role in elucidating the functions of
the SUT in plants. The combination of the two-electrode voltage clamp
(TEVC) technique with the heterologous expression system in Xenopus
laevis oocytes represents a robust electrophysiological method
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extensively utilized for the investigation of SUT transport properties,
including transport kinetics, substrate specificity and pH dependence
[17,18]. By this powerful method, transport activity of many SUTs from
both monocots and dicots has been characterized, such as three SUTs
(AtSUC1, AtSU2 and AtSUC9) in Arabidopsis [19-21], two SUTs
(OsSUT1 and OsSUTS5) in rice [17] and HvSUT1 from wheat [22]. Ac-
cording to the affinity and transport capacity of SUT for sucrose, they
can be divided into two subgroups, including high-affinity/low-capacity
(HALC) with a Km of 0.3-2.0 mmol/L and Low-affinity/High-capacity
(LAHC) with a Km of 6.0-11.70 mmol/L [10]. It is well known that
the transport activity of SUTs is highly correlated with physiological
functions in plants. In dicots, Arabidopsis AtSUC2 functions as a high-
affinity transporter, which was essential for phloem loading in major
veins, while AtSUT4 acts as a low-affinity transporter involved in
phloem loading in minor veins [23]. In addition to phloem loading, SUTs
also function in sucrose unloading into sink tissues, thus participated in
plant growth and development. They were found to be essential for
pollen and seed development, flowering, and fruit ripening [24-27]. For
example, rice OsSUT1 was a LAHC transporter, and disruption of
OsSUT1 impaired pollen function but did not influence pollen devel-
opment, and knockout of rice OsSUT1 by CRISPR-Cas9 resulted in
complete infertility [28,29]. AtSUC1 was essential for normal pollen
germination and sucrose-induced anthocyanin accumulation [30].
AtSUC9, another SUT1 member in Arabidopsis, was also a high affinity
similar with AtSUC2, but it showed different functions with partici-
pating in early flowering [20]. To our knowledge, the transport activity
of SUT has been systematically identified only in several dicots and a few
monocots (mainly in cereals), but largely uncharacterized in most of the
monocotyledonous plants.

In general, sucrose supply is affected under adverse conditions by
repressing photosynthesis. Therefore, sugar partitioning through the
whole plant is of great importance in response to stress [31,32].
Increasing evidence has shown that SUTs contributed to regulating
multiple stress responses. Modification of SUT expression could alter
plant stress tolerance. For instance, AtSUC2 and AtSUC4 were induced
under salt, osmotic, drought, low temperature and exogenous ABA
treatment, and loss-of-function mutation of AtSUC2 and AtSUC4 led to
hypersensitive responses to the above various stress in seed germination
and seedling growth [33]. Overexpression of IbSUT4 gene in Arabidopsis
accelerated growth and improved abiotic stress resistance by enhancing
the sucrose content of the sink organs [34]. Likewise, MdSUT2.2 over-
expressed apple exhibited higher sugar accumulation and drought and
salt tolerance [35,36], while PpSUT2 in peach increased cold and
drought stress tolerance [37]. Additionally, in monocots, rice OsSUT1
and OsSUT2 were found to participate in salt and drought stress
response [38,39]. These findings indicated that SUTs were induced
under stress treatment and involved in abiotic stress through modulating
sucrose transport and distribution. However, the functions of SUTs in
other plant species remain largely unknown in sucrose accumulation
under abiotic stress conditions.

Pineapple is one of the most economically significant fruit crops and
is found in almost all the tropical and subtropical regions of the world.
As a crassulacean acid metabolism (CAM) plant, the pineapple possesses
special mechanism that regulate distribution and partitioning of as-
similates [40]. Differences in the content and composition of sugars in
pineapple fruit were found among different varieties and the same va-
riety that harvested at different seasons, which could be correlated with
the synthesis, accumulation, transportation, and utilization of sugars in
pineapple [41,42]. To date, the sugar transportation in pineapple has
received relatively little attention, the sugar transporters have been
recognized previously as key targets for revealing this process [43].
Until now, the sucrose transporter gene family has not yet been sys-
tematically studied in pineapple. Thus, there is an urgent need to
completely identify and classify the SUTs and to characterize their roles
in pineapple. In this study, members of the SUT gene family were
identified and cloned in pineapple, the expression patterns and
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subcellular localization of AcSUTs were investigated. The transport ac-
tivities of the AcSUTs were tested by expression in Xenopus oocytes and
TEVC. The gene AcSUT1B, which exhibited high-affinity sucrose trans-
port activity and obvious cold-induced gene expression pattern, was
selected for further functional analysis by heterologous expression in
Arabidopsis. Moreover, the CBF transcription factor AcCBF1, which also
conferred higher cold tolerance, was identified as the upstream regula-
tory gene of AcSUTIB. These results contribute to a further under-
standing of AcSUTIB in response to cold stress and provide candidate
genes to enhance cold tolerance in pineapple.

2. Materials and methods
2.1. Identification, cloning and sequence analysis and SUTs in pineapple

Since pineapple is a monocot plant, the amino acid sequences of
model monocot rice SUTs obtained from the rice database (http://rice.
uga.edu/index.shtml) were employed as queries to search for pine-
apple genome (https://phytozome-next.jgi.doe.gov/info/Acomosus_v3)
using BlastP program with E value of 1075, and the putative pineapple
SUT genes were explored. To confirm the presence of MFS domain, the
putative SUT sequences were subsequently investigated using Pfam. The
transmembrane helices in putative SUT deduced proteins were predicted
using TMHMM Server v. 2.0 (http://www.cbs.dtu.dk/servic
es/TMHMMY/), and the physicochemical properties of SUT protein
were analyzed by the tool of ProtParam at ExPASy (https://web.expasy.
org/protparam/).

Total RNA was extracted form leaf tissues of ‘Shenwan’ pineapple
(Anana comosus) using and RNAprep Pure Plant Kit (Tiangen, China),
and the first-strand cDNA was synthesized using a PrimeScript™ II 1st
Strand cDNA Synthesis Kit (Takara, Japan) according to the manufac-
turers' instructions. Based on the above putative SUT sequences from the
pineapple  genome  database  (https://phytozome-next.jgi.doe.
gov/info/Acomosus_v3), the specific primers were designed to amplify
the ORF of the SUT genes in pineapple (Table S1). The multiple align-
ments of the deduced amino acid sequence were performed using the
Clustal W program. Multiple sequence alignments of the MFS domain
and 12 transmembrane helices were generated using webserver Clustal
Omega with default parameters (https://www.ebi.ac.uk/Tools/msa/
clustalo/).

The full-length SUT protein sequences from A. thaliana, rice, populus,
tobacco, potato, tomato, apple, citrus, Hevea brasiliensis, Beta vulgaris L.,
Vitis vinifera, Selaginella moellendorffii, Physcomitrella patens, Hordeum
vulgare, Spinacia oleracea L. were downloaded from the National Center
for Biotechnology Information (NCBI) database. The phylogenetic tree
was subsequently constructed using neighbor-joining (NJ) method of
MEGA 7.0 with the parameters of Poisson model, pairwise deletion and
1000 bootstrap iterations. The accession numbers of the SUT proteins
were listed in Table S2.

2.2. qRT-PCR analysis

Thirteen different parts of the ‘Shenwan’ pineapple, including bract,
sepal, receptacle, ovary, ovule, stamen, style, core, petal, stem, leaf, root
and callus were separately collected. For the cold stress treatment, the
tissue cultured pineapple plantlets were kept at 4 °C, the plantlets that
were placed at 25 °C were used as control. In the NaCl and ABA treat-
ment, the pineapple callus samples were transferred to the Murashige
and Skoog (MS) solution with or without (control) 150 mM NaCl and
100 pM abscisic acid (ABA), respectively. The samples were collected at
0, 2, 4, 8,12, 24 and 48 h after treatment, respectively. All samples were
immediately frozen in liquid nitrogen and store at —80 °C until RNA
extraction.

qRT-PCR was performed using BioRad with the SYBR Premix Ex Taq
(TaKaRa; RR041A), following the manufacturer's instructions. Primers
were designed using the online software Primer3Plus (https://www.
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primer3plus.com/). The cycling condition was set as follows: 95 °C for
30 s, followed by 40 cycles of 95 °C /10 s, 60 °C/30 s. The dissolution
curve was used for verifying the qPCR amplification specificity under
the procedure as follows: 95 °C for 15 s, 60 °C for 60 s, and warming up
to 95 °C then 50 °C for 30 s. The -Actin gene was used as an endogenous
control. Three biological replicates and at least three technical replicates
were performed. Gene-specific primers are shown in Table S1.

2.3. Subcellular localization of AcSUTs

To investigate the subcellular localization of AcSUTs, the CDS of
AcSUTs were amplified and inserted into the pAN580 vector to generate
the pAN580-AcSUTs-GFP constructs. Each construct and the positive
control PIP2-mCherry (a plasma membrane marker) were subsequently
transiently co-transformed into protoplasts of rice leaves according to
the protocol described by Zhang et al. [44]. Images of protoplasts were
taken with a confocal laser scanning microscope (Zeiss LSM880).
Primers are listed in Table S1.

2.4. Plasmid construction, in vitro cRNA transcription and expression of
AcSUTs in oocytes

The coding sequence (CDS) of AcSUTs were amplified by PCR using
the primers listed in Table S1. The PCR products were purified and
inserted into the oocyte expression vector pOO2 linearized with BamH I
and EcoR 1. The pOO2-AtSUC2 was used as positive control (kindly
provided by Prof. John Ward, University of Minnesota). Capped cRNA
was transcribed in vitro using mMessage mMachine SP6 transcription kit
(Ambion, Life Technologies), after linearization of the plasmids with Pml
I restriction enzyme (New England Biolabs Inc.). The Xenopus laevis
oocytes at the defolliculated stages V-VI were isolated and separated.
Each well-separated oocyte was subsequently injected with 50 nL
(~1000 ng/pl) cRNA of AcSUTs, and incubated at 17 °C for 2-3 days till
electrophysiological recording.

2.5. Two electrode voltage clamping and data analysis

The oocytes expressed with AcSUTs or AtSUC2 were bathed in the
recording solution contained 90 mM NaCl, 1 mM KCl, 1.3 mM MgCl,,
and 10 mM HEPES [45] at specific pH indicated figure legends. The
holding potential was set with —50 mV and the recording pipette was
filled with 1 M KCl. Different sugars or different concentrations of su-
crose stock solutions were diluted in the recording solution. The current
was recorded using a npi Turbo TEC-10CD (npi Electronics, Tamm,
Germany) and Digidata 1322 A (Axon Instruments, Union City, CA,
USA). For the kinetic analysis of sucrose transport by AcSUTs, currents
were normalized to the maximum concentration in each oocyte, and at
least 3 oocytes were tested. Curve fitting on normalized current versus
sucrose concentration plots was done with Hill equation (Sigmaplot
12.5). For the substrate specificity analysis, six substrates including
sucrose, maltose, trehalose, salincin, esculin and glucose were added at a
concentration of 30 mM in the recording solution with pH 5.0, except for
esculin concentration of 5 mM with limitation of its solubility. The
currents for each of the substrates were normalized to the currents for
30 mM sucrose.

2.6. Plasmid construction and plant transformation

The ORF region of AcSUT1B and AcCBF1 were respectively amplified
and inserted into binary vector pPCMABIA1301 linearized with BamH 1
and Xba I under the control of the CaMV35S promoter. The over-
expression vectors were introduced into Agrobacterium tumefaciens strain
GV3101 and then used to transform wild type (WT) Arabidopsis Col-0 by
the floral dip method. Independent transgenic lines were screened on MS
media supplemented with hygromycin (25 mg/L) and further verified by
genomic PCR using gene-specific primers. T3 homozygous transgenic
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lines were used for cold tolerance assessments and physiological index
measurements.

2.7. Cold treatment of transgenic plants and analysis of physiological
characteristics

To assess the cold tolerance of the transgenic lines, three-week-old
T3 homozygous transgenic and WT seedlings were transferred to 4 °C
growth chambers with same ambient conditions for 48 h and then were
exposed to —4 °C for 6 h, and subsequent thawing at 4 °C for 12 h, after
which they were returned to normal conditions for recovery. The plant
survival rates and phenotypes were recorded. The chlorophyll fluores-
cence and multispectral imaging were captured at different time points
using PlantExplorer PSII HS (PhenoVation Life Sciences, Wageningen,
the Netherlands). The data of quantum efficiency of photosystem II (Fv/
Fm), chlorophyll index (Chlldx) and anthocyanin index (Arildx) were
generated by automated plant phenotyping platform and automatically
analyzed by DATM software (PhenoVation B.V., Wageningen, the
Netherlands). Images obtained from the phenotyping platform were
used for illustration purposes. The rosette leaves were collected for the
analysis of physiological indexes. The POD, SOD and CAT activities,
soluble sugar and malondialdehyde (MDA) contents were determined as
described in the kit manual (Nanjing Jiancheng Bioengineering Insti-
tute, China).

2.8. Transcriptome analysis of transgenic and WT Arabidopsis plants

For RNA-seq, four separate cDNA libraries were prepared: three-
week-old WT seedlings treated with cold stress (cold, 24 h at 4 °C);
untreated WT seedlings (normal); transgenic (35S::AcSUT1B) seedlings
treated with cold stress (cold, 24 h at 4 °C), and untreated transgenic
seedlings (normal). There were three replicates for each library. RNA
extraction, library preparation, deep sequencing and data analysis were
conducted at the Novogene Biotechnology Co., Ltd. (Beijing, China)
using [llumina Hiseq 2000 platform. Differentially expressed genes be-
tween transgenic and WT plants were calculated using the cuffdiff
program, filtering DEGs of significance (FDR < 0.05 and |logs fold
change| > 1). The RNA-seq raw data was submitted to the NCBI database
under the accession number PRINA1175383.

2.9. Promoter isolation and cis-elements prediction

Genomic DNA was extracted from fresh pineapple leaves using the
DNeasy plant Mini Kit (Qiagen, Germany). The promoter of AcSUT1B
was isolated according to the corresponding sequences of the reference
pineapple genome database by PCR amplification. The primer used for
promoter isolation are listed in Table S1. After sequencing, the cis-
elements in the AcSUTIB promoter were predicted using the Plant-
CARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/)
and PLACE (https://www.dna.affrc.go.jp/) database.

2.10. Identification and phylogenetic analyses of pineapple CBF gene
family

Arabidopsis thaliana and Oryza sativa CBF proteins were acquired
from TAIR (http://www.arabidopsis.org/) and Phytozome (https://ph
ytozome.jgi.doe.gov/pz/portal.html) database, respectively. All Arabi-
dopsis and rice CBF genes were used as queries to search for the protein
database of pineapple using the BLAST method with an E-value
threshold of <1E~2°. The CBF Pfam number (PF00847) was queried to
search for pineapple CBF protein sequences using HMMERS3.0 software.
The pineapple CBF sequences were further authenticated based on the
conserved domains using SMART (http://smart.emblheidelberg.de).
The CBF proteins of Hordeum vulgare, Zea mays and Medicago truncatula
were downloaded from NCBI database. The phylogenetic tree of the full-
length amino-acid sequences of CBF proteins from pineapple and other
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five plant species was constructed using the neighbor-joining (NJ)
method of MEGA 7.0, with the following parameters: poisson model;
pairwise deletion; and 1000 bootstrap replications. The accession
numbers of the CBF proteins were listed in Table S2.

2.11. DAP-seq analysis

The DNA affinity purification sequencing (DAP-seq) was carried out
according to the method by Bartlett et al. [46]. ‘Shenwan’ pineapple
leaves were used to extract genomic DNA (gDNA). Yongji Biotechnology
Co. Ltd. (Guangzhou, China) handled the purification and sequencing of
the DNA samples. Eluted DNA was sequenced on an Illumina Navo-
Seq6000 with two technical duplicates. DAP-seq reads were aligned to
the reference Ananas comosus genome using Bowtie2. The conserved
motifs in peaks were identified via MEME-CHIP. The target genes of
AcCBF1 were defined as peaks located 2 kb upstream of ATG. The DAP-
seq data was submitted to NCBI under the accession number
PRJNA1180265.

2.12. Yeast one-hybrid assays

Yeast one-hybrid (Y1H) assays were conducted using a Match-
maker™ Gold Yeast One-Hybrid Library Screening System (Clontech,
San Francisco, USA) to examine the interaction of AcCBF1 and the
AcSUT1B promoter. The 386 bp sequence of the AcSUT1B promoter
which contains a CRT/DRE cis element, was amplified and inserted into
the Kpn I and Sal I sites of pAbAi vector to construct bait. The full-length
coding sequence of AcCBF1 was fused with the GAL4 activation domain
(AD) in the pGADT7-AD vector to produce a prey vector (pGAD-
AcCBF1). After the transformants were screened on SD/-Ura plates and
the minimal inhibitory concentration of aureobasidin A (AbA) for the
positive bait strains was measured, pGAD-AcCBF1 was transferred to
yeast cells. A positive yeast strain was selected on SD/—Leu plates that
included 300 ng/mL AbA and were cultured at 30 °C for 2-3 days.
Positive yeast cells harboring pGADT7-53 and p53-AbAi were used as
positive controls.

2.13. Dual-luciferase transient expression system

To verify the interaction between AcCBF1 and AcSUT1B promoter,
the AcSUT1B promoter (1613 bp) was inserted into the Kpn I and Nco 1
sites of pGreenlII0800-LUC vector as a reporter, while the ORF of AcCBF1
was ligated into pBI121 to produce effector constructs. The effector and
reporter constructs were subsequently transferred into Agrobacterium
tumefaciens strain GV3101 (pGreenll series holding psoup plasmid),
which were then coinfiltrated into tobacco leaves via agroinfiltration.
After coculturing in an illuminated chamber for 2 days at 25 °C, a Dual-
Luciferase Reporter Assay System (Promega, USA) was used to deter-
mine firefly luciferase (LUC) and Renilla luciferase (REN) activities ac-
cording to the manufacturer's instructions. The analysis was performed
using the Luminoskan™ Ascent Microplate Luminometer (Thermo
Fisher Scientific, USA) with a 5 s delay and 15 s integration time. The
binding activity was measured as a ratio of LUC to REN. At least six
replicates were measured for each assay.

2.14. Electromobility shift assay assays

Specific primers were designed to ligate the full-length ¢cDNA of
AcCBF1 into the pET-28a vector using BamH I and Hind III sites
(Table S1). AcCBF1-His fusion proteins were produced in Escherichia coli
strain BL21 and purified using His purification columns (Beyotime,
Shanghai, China). Probes were designed according to the locations of the
CRT/DRE element. Competitor probes (cold probes) were unlabeled
probes. The probe sequences can be found in Table S1. The EMSA re-
action was carried out using the Light Shift Chemiluminescent EMSA Kit
(Thermo Scientific, Waltham, MA, USA). DNA-protein complexes were
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fractionated on a non-denaturing 6 % polyacrylamide gel, transferred to
a positive nylon membrane, and UV crosslinked. Complexes were
detected using streptavidin-HRP conjugate with an Enhanced Chem-
iluminescence (ECL) Kit (Beyotime).

3. Results

3.1. Identification, cloning and protein characterization of the pineapple
sucrose transporter genes

In a BlastP search using Rice SUT proteins as queries in the Ananas
comosus genome database, four members of the SUT gene family were
identified in the pineapple genome. Full length coding sequences for all
four pineapple sucrose transporter genes were cloned with RT-PCR and
named as AcSUT1A, AcSUT1B, AcSUT2 and AcSUT4, according to their
homologous genes in rice. These four AcSUT genes encoded 508 to 614
amino acids, and their theoretical isoelectric points (PI) ranged from
6.40 to 9.69. The molecular weight (NW) of AcSUT proteins was be-
tween 53.87 and 65.85 kD, while Instability Index (II) was between
32.60 and 41.48, among which AcSUT4 was unstable protein due to
Instability Index was higher than 40. The aliphatic index in AcSUTs was
94.87-110.65, and Grand average of hydropathicity (GRAVY) was all
>0, hence they were all hydrophobic proteins (Table S3). The amino
acid sequence analysis revealed that there were 12 transmembrane do-
mains in AcSUTs (Fig. S1), which is the typical feather of MFS family.

3.2. Phylogenetic analysis of the pineapple sucrose transporter genes

The phylogenetic analysis of AcSUTs and the SUT orthologs from
perennial and herbaceous species was carried out. Previous studies
indicated that the plant SUT proteins can be divided into five clades [8].
SUT3 clade and SUT5 clade represent the monocot-specific branches,
while SUT1 clade was dicot-specific branch. In this study, the phyloge-
netic tree analysis indicated that AcSUT1A and AcSUT1B from the
monocot pineapple belonged to the SUT3 clade. AcSUT2 and AcSUT4
fall into SUT2 clade and SUT4 clade, respectively (Fig. 1).

3.3. The gene expression pattern of AcSUTs

The transcript levels of AcSUT genes in 13 pineapple tissues,
including bract, sepal, receptacle, ovary, ovule, stamen, style, petal,
core, stem, leaf, root and callus were investigated by qRT-PCR. The
expression level of four AcSUT genes could be detected in all tissues
examined and different expression patterns among them were observed.
The results showed that AcSUT1A was predominately expressed in leaf
and flower tissues, while AcSUT1B was mainly expressed in core, stem,
leaf, root and callus. Interestingly, AcSUT2 was expressed in all the
examined sink and source tissues. AcSUT4 exhibited lower expression
levels in style, root and callus tissues in comparison to other tissues
(Fig. 2). Moreover, according to the previously published transcriptome
data [47], we found that AcSUT1A and AcSUTIB exhibited diurnal
cycling expressions in the leaf tip tissues (Fig. S2).

The expression patterns of AcSUT genes in response to different
exogenous treatments, including cold, NaCl and ABA treatment, were
also examined. For the cold treatment, both AcSUT1A and AcSUTIB
were sharply induced, and the expression of AcSUT1A reached highest
levels at 4 h after treatment, while the continuous increases of the
expression of AcSUT1B was observed with the extension of the treatment
time. The expressions of AcSUT1B were significantly induced while
AcSUT1A was significantly repressed by the ABA treatments at several
different timepoints. All four AcSUT genes were significantly upregu-
lated with different expression levels by the NaCl treatment (Fig. S3).

3.4. Subcellular localization of AcSUTs

The subcellular localization of four pineapple sucrose transporter
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Fig. 1. The phylogenetic analysis of AcSUTs with protein sequences of sucrose transporters from other plant species. The unrooted tree was constructed with the NJ
tree with 1000 bootstraps based on protein sequences. The SUT proteins were clustered into five clades named as SUT1-SUTS5 clade. The accession numbers of the

SUT proteins were listed in Table S3.

proteins were analyzed using transient expression in rice leaf protoplast.
The green fluorescence signals generated by four AcSUTs-GFP fusion
proteins were all overlapped with the plasma membrane localized
marker (PM-mCherry) [48], confirming that four AcSUT proteins were
all localized to the plasma membrane (Fig. 3).

3.5. Electrophysiological characterization of the pineapple sucrose
transporters

In order to study their transport activity, each of the four pineapple
SUTs was expressed in Xenopus oocytes and analyzed by TEVC. External
application of sucrose induced inward currents in oocytes expressing
AcSUTIA and AcSUT1B, whereas no currents were induced in oocytes
expressing AcSUT2 and AcSUT4 (Fig. 4).

To examine the substrate affinity of AcSUT1A and AcSUT1B, kinetic
analysis was performed using TEVC. At a membrane potential of —50
mV and extracellular pH of 5.0, 5.5 and 6.0, the sucrose-induced cur-
rents mediated by AcSUT1A and AcSUT1B were measured. By fitting the
Michaelis-Menten equation to these data, the Ko 5 values for the two
pineapple sucrose transporters were determined. The result showed that
at three different extracellular pH, AcSUT1A had a lower K 5 value than
that of AcSUT1B, indicating a higher affinity of AcSUT1A for sucrose
(Fig. 5). AcSUT1A was less affected by the external pH level. The Ko 5
value of AcSUT1B was more pH dependent, with values of 0.99 mM at
pH 5.5 and 3.08 mM at pH 6.0 (Fig. 5).
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Fig. 3. The subcellular localization of the four AcSUTs in rice protoplasts. GFP and mCherry indicated the fluorescence signals of AcSUT-GFP and the plasma
membrane marker PIP2-mCherry, respectively, and the merged images were shown. Bars =10 pm.

3.6. AcSUTIA and AcSUTI1B have similar substrate specificity

A series of glucosides were tested as potential substrates for
AcSUT1A and AcSUT1B. A range of six potential substrates was applied
to AcSUT1A and AcSUT1B-expressing oocytes and the resulting currents
were recorded at a membrane potential of —50 mV (Fig. 6). The data
represented the substrate-dependent currents (background subtracted),
normalized to the sucrose-dependent currents for each oocyte (at 30 mM
sucrose). The two pineapple sucrose transporters exhibited similar
substrate specificity patterns, and the significant currents were induced

by four different compounds, including sucrose, maltose, salicin and
esculin. In addition, they were more selective for sucrose over other
substrates since the highest current was induced when feeding sucrose.
However, no currents were observed in both AcSUT1A and AcSUTI1B-
expressing oocytes with trehalose and glucose. These results indicated
that the two pineapple SUTs exhibited similar substrate specificity pat-
terns as OsSUT1 and HvSUT1 [17,22], consistent with their close rela-
tionship in the phylogenetic tree.
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Fig. 4. Sucrose-induced current in the AcSUTs-expressing Xenopus oocytes. The
oocytes were voltage clamp at —50 mV in the recording solution at pH 5.0 and
currents were recorded. Each trace indicated the current induced by 30 mM
sucrose. AtSUC2 cRNA injected oocytes were used as positive control, whereas
water was used as negative control.

3.7. Overexpression of AcSUT1B enhances cold tolerance in Arabidopsis

To further investigate the biological function of AcSUT1B, transgenic
Arabidopsis plants overexpressing AcSUT1B under control of the cauli-
flower mosaic virus (CaMV) 35S promoter were generated. Independent
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transgenic lines (T1 generation) were obtained based on hygromycin
resistance selection and genomic PCR verification. Homozygous T3 lines
were obtained on the basis of 3:1 segregation for hygromycin resistance.
An increased transcript level of AcSUT1B was detected in three T3 ho-
mozygous 355::AcSUT1B transgenic lines (named 1B-1, 1B-3 and 1B-10)
by RT-PCR (Fig. S4).

Under normal conditions, no significant difference in morphology
was observed between AcSUT1B-overexpressing lines and WT plants.
Considering the cold-inducible gene expression of AcSUT1B, we specu-
lated that it might be involved in the plant cold tolerance. Under
freezing treatment (—4 °C for 6 h) after cold acclimation (48 h at 4 °C)
and recovery for 4 days in a normal ambient environment, the trans-
genic lines presented obviously less severe injury than the WT. Color and
pseudo-color images showing the effect of the cold stress on several
selected traits (color, Fv/Fm, Chlldx, and Arildx) are presented
(Fig. 7A). The survival rates of the transgenic lines were significantly
higher than those of the WT (Fig. S4). The Fv/Fm values of all tested
plants decreased after cold treatment until 1 day after recovery, more-
over, the extent of decrease was significantly lower in the transgenic
lines. The Fv/Fm values of the transgenic lines were subsequently
increased and significantly higher than that of WT plants at 4 days after
recovery (Fig. 7B). The Chlldx and Arildx values of the WT plants were
significantly lower than that in the transgenic lines at the recovery stage
(Fig. 7C and D), reflecting the relatively higher chlorophyll and antho-
cyanin contents in transgenic lines after cold treatment.

Physiological indexes including soluble sugar, MDA contents, the
POD and CAT enzyme activities were measured to evaluate the effects of
cold stress on Arabidopsis plants. Under normal conditions (22 °C),
soluble sugar and the MDA contents in AcSUT1B-overexpressing lines
were similar to that in the WT plants. After cold treatment, both the
soluble sugar and MDA contents were increased in transgenic lines and
WT plants. The MDA contents in the transgenic lines were distinctly
lower than that in WT plants, whereas the soluble sugar contents in
transgenic lines were significantly higher than that in WT plants (Fig. 8A
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Fig. 5. Kinetic analysis of sucrose transport by AcSUT1A (A-C) and AcSUT1B (D—F). Sucrose-dependent currents were recorded under voltage-clamped conditions at
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and B). The POD enzyme activities in transgenic lines were distinctly
higher than that in WT plants after cold treatments (Fig. 8C). For the
CAT enzyme activities, distinctly higher activity values were continu-
ously observed in transgenic lines than that in WT plants both before and
after cold treatment (Fig. 8D).

To further evaluate the possible molecular mechanism of the cold
response of the AcSUTI1B-OE transgenic lines, transcriptome analysis
was used to analyze the expression changes of cold-responsive genes in
both the transgenic lines and WT plants under low-temperature stress
(Table S4). The analysis results showed that 3605 cold-induced differ-
ential expressed genes (DEGs) were identified in transgenic plants

(Fig. S5). Among them, a total of 224 DEGs, including several well-
studied cold-responsive genes like CBF2, ZAT12, ERD10, RD29A and
SRC2, were significantly upregulated in transgenic plants than WT
under cold conditions (Table S5). Moreover, several ROS-responsive
genes like glutathione transferase and peroxidase, sugar transporter
genes, and late embryogenesis abundant genes were observed in the above
DEGs list, providing a deep insight into the mechanism of the cold
response affected by AcSUT1B.
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3.8. Identification and functional analysis of AcCBF1 involved in cold
tolerance

To better understand the inductivity of AcSUT1B expression, a 1.6 kb
AcSUTIB promoter region lying upstream of the translational start site
(ATG) was identified. Sequence analysis of AcSUT1B promoter using the
PlantCARE and PLACE database revealed a few predicted abiotic stress
response elements (Table S6). Among of them, the conserved C-repeat/
dehydration-responsive element (CRT/DRE; G/ACCGAC) was found in
the promoter regions of AcSUT1B genes, which was consistent with its
cold-inducible expression pattern.

The interaction between the CRT/DRE elements with the CBF tran-
scription factors has been identified in various plants [49]. The CBF
sequences of Arabidopsis and rice were used as queries to search for the
protein database of pineapple using the BlastP method, and a total of
eight pineapple CBF genes were identified. Phylogenetic analysis of the
CBF genes from pineapple and other five plant species revealed their
orthologous relationships (Fig. S6A). The expression profiles of the
pineapple CBF genes were examined according to the previously pub-
lished transcriptome data [50,511, and only one gene, Aco022517.1, was
expressed in all examined pineapple tissues and significantly induced by
cold stress treatment (Fig. S6). Therefore, this gene was renamed
AcCBF1 and regarded as the candidate upstream regulatory gene of
AcSUT1B.

The 35S::AcCBF1 lines in Arabidopsis were generated to gain further
insight into the function of AcCBF1 involved in cold tolerance. Increased
expression levels of AcCBF1 was detected in three T3 homozygous 358S::

AcCBF1 transgenic lines (named OE-AcCBF1-1, OE-AcCBF1-2 and OE-
AcCBF1-3). Under freezing treatment after cold acclimation and re-
covery for 6 days in a normal ambient environment, obviously less se-
vere injuries were observed in the 35S::AcCBF1 transgenic lines
compared with that in WT (Fig. 9A), and the transgenic lines exhibited
significantly higher survival rates (Fig. 9B).

Physiological indexes including soluble sugar, POD and SOD enzyme
activities were further measured. Both under normal and cold stress
conditions, the content of soluble sugar and the activities of POD and
SOD in transgenic Arabidopsis were significantly higher than those in
WT. The increases in soluble sugar content and enzyme activities in
transgenic Arabidopsis were greater than those of WT (Fig. 9). The results
showed that the expression of the AcCBFI gene increased the cold
tolerance of the transgenic Arabidopsis.

3.9. AcCBF1 promotes AcSUT1B expression by directly binding to its
promoter

DNA affinity purification sequencing was performed to explore the
potential target genes of AcCBF1 at the genome-wide level. A total of
34,526 notable peaks were identified in the genomic regions, with the
majority located in either intergenic (47.9 %) or promoter (22.8 %)
regions (Fig. S7). The highest scoring cis-acting element, CRT/DRE
element (G/ACCGAC), was identified (Figs. 10A), and the AcCBF1
binding site were observed in the promoter region of AcSUT1B based on
DAP-seq analysis.

The yeast one-hybrid assay was performed to verify whether



J. Long et al.

OE-AcCBF1-1 OE-AcCBF1-2

Before
Treatment

<Ts
/ 4 \
(€72 \é‘
:’}&_;
\\\’7 B>

Cold
Treatment

Recovery
at 1 day

Recovery
at 6 day

250 800

OE-AcCBF1-3

International Journal of Biological Macromolecules 283 (2024) 137952

B

100
G5 5
80 N * *
<
s
Q 60
<
-
s
=z
S 40
=
wn
20 A
O £l
S o\ 2 2
« P&CQ,Q P&C@ﬁ P&CQS
o o o
600
ok . WT
sx o T o :
[C—J OE-AcCBF1-3 % sk

SOD Activity (Ulg FW)
¥ g oz
g g &
*
*

H
H

- T - T
—~ [0 OE-AcCBFI-1 [0 OE-AcCBFI-1
3 B OE-AcCBF1-2 ok N OE-AcCBF1-2
k= 200 [ OE-AcCBFI-3 k% k% ~ [ OE-AcCBF1-3
) T e g o
=
£ &
= 2
£ 150 S
2 2
= * £ 400
S * E wk
= ]
= 100 <
e <
H 2
©
= 2 200
= 50
S
w2
0 L 04

Before Treatment After Treatment

Before Treatment

L 0

After Treatment Before Treatment After Treatment

Fig. 9. Overexpression of AcCBF1 in Arabidopsis enhanced the cold tolerance. Phenotype (A) and survival rates (B) of the transgenic lines and WT plants after cold
stress treatment. Change trends of physiological parameters including soluble sugar content (C), POD (D) and SOD (E) activities of transgenic lines and WT plants
under cold stress. The error bars indicate the SDs from three biological replicates. The asterisk (*P < 0.05, ** P < 0.01, Student’ s t-test) indicates significant

differences compared with the WT plants.

AcSUT1B promoter could be bound by AcCBF1. For this purpose, the
promoter fragment of AcSUTIB was used to generate bait pAbAi-
proAcSUT1B, while AcCBF1 fused to the GAL4 activation domain
(AD) was used as prey (Fig. 10B). The result demonstrated that the cells
co-transformed with prey and bait, along with the cells in the positive
control group, exhibit normal growth in the SD/—Leu medium with 300
ng/mL AbA added. In contrast, no yeast cells in the negative control
group were found to grow normally on the selective media (Fig. 10C).

To further determine whether AcSUT1B promoter could be activated
by AcCBF1, a dual-luciferase reporter assay was performed on the to-
bacco leaves. The AcSUTIB promoter fragment was inserted into the
pGreenlI0800-LUC vector to generate a ProAcSUT1B-LUC reporter, and
358::AcCBF1 and empty vector were used as effectors (Fig. 10D). As
expected, co-transformation of the ProAcSUT1B-LUC reporter and the
358::AcCBF1 effector significantly elevated the LUC/REN ratio as
compared to the empty control (transformed with the reporter and the
empty vector) (Fig. 10E). Therefore, the expression of AcSUT1B could be
activated by AcCBF1.

Moreover, the electrophoretic mobility shift assay (EMSA) was
conducted using the purified AcCBF1-His protein and labeled ProAc-
SUT1B probe. As shown in Fig. 10F, as single shifted band was observed
in the presence of both AcCBF1-His protein and labeled ProAcSUT1B
probe containing the CRT/DRE motif. The intensity of this band
decreased with increasing concentrations of a cold competitor. When the
CRT/DRE motif (ACCGAC) in the promoter of AcSUT1B was mutated
(AAAAAA), the binding activity disappeared, indicating that this bind-
ing was specific. Therefore, the above results confirmed that AcCBF1

10

could promote the expression of AcSUTIB by directly binding to the
CRT/DRE element in its promoter.

4. Discussion

Sucrose serves as the primary photosynthetic product in higher
plants and functions as an energy source to support organ growth and
environmental stress responses. It is transported from source tissues to
storage sink tissues via sucrose transporters (SUTs), which are crucial for
plant growth and stress tolerance [27,34]. Although SUTs have been
identified in various plant species, research on SUTs in pineapple has
been limited. In this study, four SUT genes in pineapple were identified,
the gene expression pattern, subcellular localization and transport ac-
tivities were systematically analyzed. Among of them, AcSUTIB was
functional in Xenopus oocyte expression system and significantly
induced by cold stresses, and therefore was selected for further analysis.
Overexpression of AcSUT1B and its upstream regulatory gene AcCBF1
both conferred enhanced cold tolerance in Arabidopsis. Further assays
indicated that AcCBF1 could activate the expression of AcSUTIB by
directly binding to the CRT/DRE cis-element in its promoter region.
Based on these findings, the potential functions and regulatory mecha-
nisms of AcSUTIB in pineapple under cold stress will be discussed.

4.1. AcSUTs were localized to plasma membrane and functional sucrose
transporter

In general, there are two primary pathways for the transport of



J. Long et al.

A
E-value: 1.1e-971

=~ __ "I A
O_C:‘, - A’T < il
- o < v el o~ =) N (=) —
= =
B Prey =—— Popm >=— GAL4D AcCBFI —\ Leu
Bait = URA3 pAcSUTIB = AbAY

C

10" 10?2
Positive Control
pGADT7-AcCBF1+ B o
L

PAbAi-pAcSUTIB

PGADTT+
PAbAI-pAcSUTIB

SD/-Leu + 0 ng/mL AbA

SD/-Leu + 300ng/mL AbA

International Journal of Biological Macromolecules 283 (2024) 137952

D Effectors
CaMy35S-AcCBF1 ——| CaMV35§ J=———  AcCBFI —— Term ——
CaMy35S-Empty = GaMIV3ES ) Term  —
N
Reporter
— CaMV35§ »== REN = Term —“— LUC = Term e
P

EV+
ProAcSUT1B-LUC

CaMV35S-AcCBF1+
ProAcSUTIB-LUC

Ex)

o 0.2 0.4 0.6 os
LUC/REN ratio
AcCBF1-His - ®s + + + + +
Probe + 4+ 4+ + + + Mu
Competitor -  — 10X 20X 40X —

Bound probe —

Aol

Free probe —

v

Fig. 10. AcCBF1 binds to the promoter of AcSUTIB. (A) The identified DNA-binding motif of AcCBF1 protein by DAP-seq. (B)Schematic structures of the yeast one
hybrid prey (pGADT7-AcCBF1) and bait (pABAi-ProAcSUT1B) vector. (C) Growth of yeast cells transformed with the prey and bait plasmid on SD-Leu supplemented
with or without 300 ng/mL AbA. (D) Diagrams of effector and reporter constructs in dual luciferase assays. (E) Dual luciferase assays using 35S-AcCBF1 and 35S-
empty as the effectors and ProAcSUT1B-LUC as the reporters. Significant differences between means were determined using Student's t-tests (**P < 0.01). (F) EMSAs
showing that AcCBF1 binds to the CRT/DRE motif of the AcSUT1B promoter. Unlabeled probes were used as cold competitors, 10x, 20x, and 40x indicate the fold
excess of cold competitors relative to that of the labeled probe. The labeled mutant probe (Mu) was used to confirm the binding specificity of the CRT/DRE motif to
AcCBF1. ‘+’ and ‘- indicate the presence or absence, respectively, of proteins and probes in the loading mixture. His alone was used as negative control of

the binding.

sucrose from source tissues to sink organs: one is symplastic loading, in
which sucrose moves from cell to cell via plasmodesmata, and the other
is apoplastic loading, where sucrose is transported over long distances
by sucrose transporters through the phloem, a specific component of the
vascular system [52-54]. Consequently, sucrose transporters (SUTs) are
predominantly localized to the plasma membrane in the apoplastic
pathway. Numerous studies have demonstrated that members of the
SUT1 clade were localized on the plasma membrane of sieve elements
(SE), companion cells (CC), or the SE-CC complex [55-57]. Likewise,
SUT2 members were targeted on SE plasma membrane [58,59]. For the
monocot-specific clade, members of the SUT3 clade, including OsSUT1
[29], ZmSUT1 [60], and HvSUT1 [61], have been reported to localize to
the plasma membrane. In our investigation, both AcSUT1A and
AcSUT1B, which are part of the SUT3 clade, and AcSUT2 from SUT2
clade, were localized to the plasma membrane (Fig. 3), indicating a
conserved localization pattern with other members of the SUT2 and
SUTS3 clades. Accumulating evidence has shown that proteins in SUT4
clade were plasma membrane- or/and tonoplast-localized. Interestingly,
SUT4 proteins in several species were found to be dual target to both
plasma membrane and tonoplast as demonstrated by fluorescence
protein-fusion analyses, such as LjSUT4 from Lotus japonicas [62],
AtSUC4 from Arabidopsis [53,63], and GeSUT4 in Gastrodia elata [64]. In
our study, AcSUT4 was identified as exclusively localized to the plasma
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membrane. However, variations in localization may arise due to dif-
ferences in experimental methodologies. For instance, AtSUC4 was
localized to the plasma membrane when analyzed using a stable trans-
formation system with the AtSUC4-GFP construct. In contrast, it was
localized to the vacuole when assessed via a protoplast transient
expression assay and was even reported to be located in the chloroplast
envelope in a proteomic study [53,63,65]. Therefore, additional work
will be required to determine whether AcSUT4 localize to the tonoplast
or other organelle.

Sucrose transporters play a crucial role in the phloem-mediated long-
distance transport of sugars in plants. They were classified into five
different clades (SUT1-SUT5), and exhibit diverse substrate affinity,
which contributed to their distinct physiological functions in plants.
SUT1 is a unique SUT in dicotyledons, functioning as a HALC sucrose
carrier. An illustrative example is AtSUC2, which exhibited a Km value
of 1.44 mM at pH 5.0 [19]. Members in SUT1 subfamily play a pivotal
role in collecting low concentrations of extracellular sucrose from
vascular tissues during phloem loading and long-distance transportation
[10,66]. In contrast, some members of the SUT2 family exhibited low
rates and affinities for sucrose transport (Km = 11.7 mM for AtSUT2),
whereas others, such as LeSUT2 and StSUT2, were incapable of trans-
porting sucrose when complemented into the yeast mutant SUSY7 /ura3
[58]. SUT2 clade was supposed to serve as sucrose sensors within sieve
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elements [67]. For the monocot specific SUT3 clade, HvSUT1 from
barley were expressed in yeast and Km values for sucrose transport of
3.8 mM were reported [22], while OsSUT1 showed sucrose-dependent
inward currents in oocytes with Km value of 7.5 mM at pH 5.6 [17],
suggesting the similar sucrose affinity of these two SUTs. In our study,
transport activity of four SUTs from pineapple was analyzed by
expression in Xenopus oocytes and electrophysiology. The results
showed that both AcSUT1A and AcSUT1B, two members in SUT3 clade,
exhibited sucrose transport activity with 0.17 mM and 0.99 mM at pH
5.5 (Fig. 5), respectively, suggesting higher sucrose affinity than OsSUT1
and HvSUT1. According to Km value, AcSUT1A and AcSUT1B were
defined as HALC protein, which was probably responsible for phloem
loading in pineapple, similar with SUT1 in dicots. Expression of AcSUT2
and AcSUT4 in Xenopus oocytes did not show sucrose transport activity
(Fig. 4). In rice, OsSUT3 was to be functional in yeast since it has been
previously reported to allow the yeast strain SuSy7 to grow on sucrose
[11]. But no inward currents were induced in oocytes expressing
OsSUT3 by external application of sucrose [17], indicating the diver-
gence of SUT expression between yeast and oocyte. Perhaps the AcSUT2
and AcSUT4 cDNA sequence should be optimized for expression in oo-
cytes in the future experiment.

The substrate specificity of SUT1 members investigated thus far is
quite consistent, which a wide range of natural and synthetic sugars
could be transported. In SUT3 clade, both OsSUT1 and HvSUT1 trans-
ported sucrose, maltose, salicin, helicin, a-phenylglucoside and a-para-
nitrophenyl-D-glucoside [17,22], appearing more selective than
previous reported SUT1 members AtSUC2 and AtSUC9 [19,20]. In our
present study, sucrose, maltose, salicin and esculin could be transported
by both AcSUT1A and AcSUT1B, showing similar substrate specificity
with OsSUT1 and HvSUT1. These results suggested that similar substrate
specificity was found within members in the same SUT clade.

4.2. AcCBF1-AcSUT1B module regulated cold tolerance

Sucrose metabolism is crucial for plant development and stress re-
sponses, primarily through the production of various sugars that serve as
energy sources for growth and as signaling molecules to modulate gene
expression in coordination with hormonal pathways [68]. This process
involves the generation of key signaling compounds such as sucrose,
glucose, and trehalose-6-phosphate, or may involve the metabolic pro-
cess itself as a signaling mechanism. Consequently, the regulation of
sucrose transport, synthesis, and degradation is essential for controlling
plant growth and adaptation to environment change. Accumulating
studies have suggested that SUT expression pattern is closely related
with its physiological functions. A tissue-specific expression analysis
demonstrated that AcSUT1A was highly expressed in leaf and different
parts of flower (Fig. 2). Based on the high affinity for sucrose and high
expression in leaf, we speculated that AcSUT1A was crucial for phloem
loading in leaf of pineapple. AcSUT1B was also expressed high in the
source leaf and the sink tissues of ovary, stem, root and callus, indicating
its important roles in both sucrose loading and unloading. Under
different exogenous treatments, including cold, ABA and salt, we found
that the four AcSUTs exhibited distinct expression features, suggesting
their various responses to abiotic conditions. Most notably, AcSUT1B
were significantly induced by all three treatments, which might play an
important role in participating in the abiotic stress responses in
pineapple.

Sugar transport via the phloem can be influenced by various envi-
ronmental factors that modify source-sink relationships. Temperature is
recognized as a significant determinant of the phloem-loading mode in
plants [31]. Low temperatures can influence phloem sugar transport
through different ways, involving distinct cell types such as interme-
diary cells, parenchyma transfer cells, and sieve elements. Increasing
reports showed that SUT expression was induced under low temperature
condition [5,33,37]. In this study, the expression of AcSUT1B was also
significantly increased under cold treatment (Fig. 2). Furthermore, the
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AcSUT1B-overexpressing Arabidopsis lines exhibited improved tolerance
to cold stress, which was revealed by the significantly reduced MDA
levels and higher POD and CAT activities (Fig. 7). Accordingly, these
results suggested that the overexpression of AcSUT1B contributed to the
improved cold tolerance of plants.

It has been found that high levels of soluble sugars, which function as
osmoprotectants, enhance plant tolerance to cold stress [69]. The pre-
vious studies showed that overexpression of the sugar transporter genes
affected the distribution of sugars and improved the cold tolerance of
plants. The sucrose level increased in source leaf during chilling treat-
ment in rice [70]. In cucumber (Cucumis sativus L.), exposure to cold
temperatures resulted in a notable increase in the accumulation of sol-
uble sugar in leaves, and overexpression of a sugar transporter
CsSWEET2 improved glucose and fructose contents and showed higher
resistance to cold stress [71,72]. Similarly in peach, heterologous
expression of PpSUT2 increased soluble sugar contents and thus
enhanced cold stress tolerance [37]. The Arabidopsis plastidic sugar
transporter (pSuT) mutant exhibited impaired cold tolerance that was
associated with sugar deficiency [73]. In our present study, AcSUT1B-
overexpressing plants, whose soluble sugar content was significantly
higher than the WT plants, exhibited improved tolerance to cold stress
(Fig. 8). The soluble sugars also function as signaling molecules regu-
lating the expression of cold-responsive genes during cold stress [74],
the upregulation of the cold-induced DEGs in AcSUT1B-overexpressing
plants in this study might be associated with their increased soluble
sugar contents. It thereby makes a conclusion of positive correlation
between soluble sugar accumulation and tolerance to cold stress.

Previous studies have revealed that CBF genes played crucial roles in
plant responses to cold stress and acted as a hub linking the downstream
cold response with upstream signal transmission [75]. The orthologues
of CBF have been isolated from many different plant species, and het-
erologous expressions of these CBF genes were usually shown to inten-
sify the cold tolerance in transgenic plants [76]. In this study, eight CBF
orthologous genes were identified in the pineapple genome and the only
cold-induced CBF gene, AcCBF1, was selected for further heterologous
expression and functional identification in Arabidopsis. The significantly
increased survival rate, soluble sugar content, the POD and SOD activ-
ities under cold stress in AcCBFI-overexpressing Arabidopsis plants
further confirmed the roles of AcCBF1 in regulating cold tolerance.

The CBF genes could directly bind CRT/DRE cis-element (G/
ACCGAQ) in the promoters of cold-responsive (COR) genes that are
essential for plant adaptation to low temperatures [49]. Different types
of COR genes, including low temperature induced (LTI), responsive to
desiccation (RD), early dehydration-inducible (ERD), and those encoding
antioxidant and metabolic enzymes like superoxide dismutase (SOD),
peroxidase (POD), and arginine decarboxylase (ADC) have already been
reported in previous studies [49]. In this study, a series of potential
downstream target genes containing CRT/DRE cis-elements in their
promoters were identified by the DAP-seq analysis of AcCBF1, which
was helpful for better understanding its regulatory mechanism in
response to cold stress in pineapple.

It was found that overexpression of the CBF genes is often accom-
panied by higher levels of sugar content, and the effects of CBF genes on
sugar levels could be mediated by directly regulating the genes involved
in sugar metabolism and transport. The Sucrose Synthase 1 (SUS1) and
Sugar Transporter 1 (STP1) genes were detected as targets of Arabidopsis
CBF genes in ChIP-seq assays [49]. MACBF1/2 directly activated the
expression of the Tonoplast Sugar Transporter genes MdTST1/2 and
regulated the sugar accumulation in response to low temperatures [77].
PpCBF6 could bind the promoter of the vacuolar invertase gene PpVIN2
and regulate sucrose metabolism and chilling injury in peach fruit [78].
AaCBF4 directly regulated the expression of f-amylase gene AaBAM3.1
in kiwifruit [79]. PrBAM1 is a member of CBF regulon and plays an
important role in cold tolerance by modulating the levels of soluble
sugars [80].

Several previous studies have shown that the sucrose transporter



J. Long et al.

genes were directly regulated by different transcription factors. A DNA
binding with one finger (DOF) transcription factors, OsDOF11, was
capable of binding the promoter regions of OsSUT1, OsSWEET11, and
OsSWEET14, which were responsible for sucrose transport in rice
growth and development [81]. The ABA-responsive transcription factor
MdAAREB2 directly activates the expression of the sucrose transporter
genes MdSUT2 to promote soluble sugar accumulation in apple [32]. In
this study, the pineapple sucrose transporter gene AcSUT1B was iden-
tified as target of the cold-induced AcCBF1 genes. As far as we know,
studies about the direct regulatory relationship between CBF and SUT
genes have not been reported before. The CRT/DRE cis-element was
found in the AcSUT1B promoter, and the interaction between AcCBF1
and AcSUTIB promoter was systematically verified by DAP-seq, Y1H,
LUC and EMSA assays. Combining with the alteration of soluble sugar
accumulation and improved cold tolerance in the transgenic lines of
AcSUTI1B and AcCBF1, it is speculated that AcCBF1-AcSUT1B module
plays a significant role in participating cold response by alteration of
soluble sugar accumulation.

Temperature is one of the most important environmental factors
determining the distribution and production of pineapple [82]. The low-
temperature injury during the winter period could affect the yield and
quality of pineapple, especially in cool subtropical cultivation regions
[42]. The composition and proportion of sugars in pineapple fruit that
harvested in winter were different from that harvested in summer
[41,42]. Therefore, we further inferred that the cold-induced AcCBF1-
AcSUT1B module might be involved in the sugars transport and distri-
bution of pineapple during low temperature conditions.

5. Conclusion

In summary, four sucrose transporters have been identified at
genome-wide level in pineapple, and their sequence features, phyloge-
netic relationship, expression pattern, subcellular localization and
transport activity were comprehensively investigated. All four AcSUTSs
were localized to plasma membrane. Transport activity assay by two-
electrode voltage clamp of Xenopus oocytes showed that AcSUT1A and
AcSUT1B displayed high affinity sucrose transport activity. The cold-
induced AcSUT1B and AcCBF1 genes played vital roles in increasing
cold tolerance in Arabidopsis. The expression of AcSUT1B could be
activated by AcCBF1 through directly binding to the CRT/DRE cis-
element in its promoter region. The identification of the AcCBFI-
AcSUT1B module in pineapple thus provides new insights into the reg-
ulatory mechanism of cold response in plant.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2024.137952.
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ABSTRACT

Sucrose transporters (SUCs/SUTs) play crucial roles in apoplast transport and long-distance
distribution of sucrose throughout the whole plant. However, whether and how the Arabidopsis
AtSUC4 modulates sucrose import from apoplast to cytosol remains unclear. In the present
study, we found that AtSUC4 protein was localized to the plasma membrane in the root. AtSUC4; root growth;
Expression of AtSUC4 in roots was gradually induced with the increasing sucrose concentrations sucrose; auxin; abscisic
(0%, 2%, 4% and 6%). When feeding high concentrations (4% and 6%) of sucrose, the primary acid

root growth of seedling was inhibited. Interestingly, atsuc4 mutants exhibited longer primary

root than the wild type under these conditions, indicating that atsuc4 mutants were less sensitive

to excess sucrose. Moreover, the root of atsuc4 mutants accumulated less sucrose and abscisic

acid (ABA) and more indole-3-acetic acid (IAA) on 4% and 6% sucrose supplementation.

Transcriptomic analysis revealed that numerous genes associated with sugar transport and

metabolism, as well as ABA signalling were down-regulated, whereas many IAA signaling-related

genes were up-regulated in mutant plants relative to the wild type under 6% sucrose treatment.

Collectively, our finding demonstrated that the deficiency of AtSUC4 reduced the inhibition of

primary root growth under high sucrose condition, probably through reducing the sucrose

transportation and metabolism, and subsequent alteration in IAA and ABA signalling.
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extracellular sucrose concentrations are in the 10-*mol
L~! range [4,5]. However, the mechanism of how these
cells respond to such higher sucrose concentrations to
maintain the sucrose equilibrium in extra- and
intra-cellular components is still unknown.

SUCs are H*/sucrose symporters that utilize the pro-
ton motive force present across the plasma membrane
(PM) of the SE-CCCs to load sucrose against its con-
centration gradient into the phloem [6]. Multiple SUT
genes have been identified and initially classified into
three subgroups (SUT1, SUT2 and SUT4 subfamily) but
later into four distinct groups (Group |, I, Il and 1V)

Introduction

Sucrose, functioning as a nutritional substance, osmolyte
and signal molecule, plays a central role in the response
and adaptation to environmental stress in most plants
[1]. Most sucrose is derived from the photosynthetic
source organ, the leaves, and transported into sink
organs, including flowers, stems, roots and seeds. This
involves the uptake or release of sucrose from cells or
subcellular compartments via transport proteins. Thus,
not surprisingly, sucrose transporters (SUCs or SUTs) are
critical for plant growth and development [2]. Sucrose
is synthesized in the source cells and exported to the

apoplasm probably by the SWEET efflux proteins, then
imported into the sieve elements and companion cell
complexes (SE-CCCs) via sucrose transporters (SUTs or
SUCs) in most plants [3]. Studies have detected that
the concentration of sucrose could reach 10-"mol L™
to 1mol L™ in the conducting vascular cells, while

according to phylogenetic analysis [7,8]. Among them,
most members of Group Il are high-affinity/low-capacity
sucrose transporters with Km values in the range of
139 umol L= '-1.5mmol L= and described as
PM-localized transporters, whereas members of the
Group IV (with the exception of OsSUT2 from rice) are
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low-affinity/high-capacity sucrose transporters with Km
values ranging from 5mmol L=" to 6 mmol L~' and
suggested as the tonoplast-localized transporters [9].
There are nine SUCs in Arabidopsis (Arabidopsis thali-
ana), among which only AtSUC4 belong to Group IV.
Numerous studies showed that SUTs in Group IV have
distinct functions in different plant species, indicating
a versatile role of the members in this group in plant
growth and development [10,11]. AtSUC4 can also
catalyse the transport of sucrose from the vacuolar
lumen into the cytoplasm in the cells [12]. Due to the
low expression level of AtSUC4, the aerial part of
atsuc4.1 (cs856419) mutant behaved essentially as the
wild type (WT) in sucrose content, germination, devel-
opment and response to cold treatment when cotyle-
dons were fully unfolded. The AtSUC4-overexpressing
lines showed a 30% reduction in sucrose content in
aerial parts compared with WT under 3% sucrose treat-
ment [13], implying that AtSUC4 releases sucrose from
the vacuole for cellular metabolism. However, little is
known about whether and how AtSUC4 participate in
the sucrose import under higher sucrose status.

In Arabidopsis, the primary root elongation rate is
basically dependent on the sugar concentration in the
medium, and a good correlation between the elonga-
tion rate and sucrose content (0-2%) in primary roots
was found [14]. In addition, sugars transported into
the root also transmit as signals. In young developing
seedling root of Arabidopsis, sucrose transported into
the root can act as a necessary and sufficient signal
regulating root elongation together with light [15].
The expression patterns of AtSUCT and AtSUC2 dis-
played contrasting roles during the night, showing
increased transcript accumulation of AtSUC2 (sucrose
loading in phloem) in leaves and AtSUCT (sucrose
unloading) in roots [16,17]. However, the function of
AtSUC4 in root elongation was uncertain, and a clear
linking on the interaction between sucrose transport
and root growth remains to be elucidated.

Apart from sucrose, multiple plant hormones also
regulate root elongation, among which auxin stands
out as a key instructive signal [18]. Exogenous sucrose
could promote the root growth through sugar-hormone
crosstalk in Arabidopsis and peach [19,20]. Specifically,
exogenous sucrose increased the expression of auxin
synthesis- and transport-related genes in roots, result-
ing in auxin accumulation in the root system [20].
Abscisic acid (ABA) signalling also plays a critical role
in regulating root elongation and root system archi-
tecture [21]. Yu etal. [22] revealed that OsERF2 was
required for the root architecture and ABA-response
by regulating the expression of some genes involved
in sugar metabolism and hormone signalling pathways.

Additionally, excessive exogenous glucose inhibits pri-
mary root growth via ABI5, which represses PINT accu-
mulation and auxin activity in Arabidopsis [23]. To date,
however, the molecular mechanism of crosstalk among
sucrose transporters, indole-3-acetic acid (IAA) and
ABA regulating root growth remains unclear.

To gain more information about sucrose transport
regulation in root with emphasis on AtSUC4 while
extracellular sucrose concentration is high, expression
patterns and subcellular localization of AtSUC4 were
performed first. Several atsuc4 mutant lines were gen-
erated and showed longer root length under high
concentrations (4% and 6%) of exogenous sucrose. The
contents of sugars and hormones (IAA and ABA) in
the roots in WT and mutant lines were analysed.
Transcriptome analysis was carried out and indicated
that the expression of genes involved in sucrose trans-
port and metabolism, IAA- and ABA signalling were
changed in mutant lines. This study confirmed the
novel function of AtSUC4 and provided insights into
the regulation of AtSUC4 on root elongation under
higher sucrose.

Materials and methods
Strains materials and growth conditions

Arabidopsis thaliana (ecotype Col-0) and atsuc4 mutants
were grown in a growth chamber in soil under
long-day (LD) conditions (16 h light/8h dark) at 22°C
and 70% relative humidity, light was present at 100-
120 umol.m=2s7". Before germination, plates were incu-
bated at 4°C for 2 d in the dark and subsequently
transferred to the growth chamber. Escherichia coli
strain DH5a was used for all cloning steps.
Transformation of Arabidopsis was performed using
Agrobacterium tumefaciens strain GV3101 [24].

Genes expression level detection

For gene expression analysis, total RNA was isolated
from roots of different plants using the Plant RNA
Extraction Kit (Omega, Norcross, GA, USA), and cDNA
was synthesized using HiScript Il 1st Strand cDNA
Synthesis Kit (+gDNA wiper) (Vazyme). Reverse
transcription-quantitative real time polymerase chain
reaction (RT-gPCR) was conducted using FastStart DNA
Master SYBR Green | (Roche) on the Roche LightCycler
480 System (Roche Applied Science), with ACTINZ2 as
the internal control [25]. Three independent biological
replicates and four technical replicates were performed.
The primer sequences are listed in Supplemental
Data S1.



Subcellular localization assay of AtSUC4

The subcellular localization of AtSUC4 was detected by
three methods. For the method of Arabidopsis stable
transformation system, the promoter (2000bp upstream
of ATG) and gDNA sequence of AtSUC4, named gAt-
SUC4, were amplified and cloned into a pCAMBIA1300
vector. As a result, the construct
pCAMBIA1300-pSUC4::gAtSUC4-GFP was generated and
subsequently transformed into WT plants. The localiza-
tion of AtSUC4 in root was detected. The second
method used the transient expression system of
Arabidopsis protoplast to check the subcellular local-
ization of AtSUC4. Protoplast isolation and transforma-
tion of a rosette leaf were performed according to
Robert et al. [26]. The 35S promoter and cDNA sequence
of AtSUC4 were amplified and cloned into pEarley101
vector, the vector pEarley101-35S::cAtSUC4-GFP was
generated and used for protoplast transient transfor-
mation. All the fluorescence was detected using a Leica
TCS SP5 confocal microscope. The excitation wave-
length was 488nm and the emitted fluorescence was
recorded from 500 to 550nm for green fluorescent
protein (GFP). The third method was Immunogold label-
ling of AtSUC4, which was essentially performed as
described previously [27] using the mouse anti-AtSUC4
monoclonal antibody (Beijing Protein Innovation,
Beijing, China). We selected ‘ASLASEAHGQTSGTDEAFL
as the synthesized target peptide. Four SPF Balb/c
female mice were immunized for the first time with
‘AtSUC4-KLH" Before fusion, we used ‘AtSUC4-KLH' to
shock immunize a mouse with the best physiological
state. The fused cells were transferred to semi-solid
medium for culture. Then, the single clones grown on
the semi-solid medium were picked into a 96-well cul-
ture plate for cultivation and subsequent screening.
Subsequently, the plates were coated with ‘AtSUC4-BSA,
and the selected clones were screened by enzyme-linked
immunosorbent assay (ELISA) for the first time, yielding
24 positive hybridoma cell lines. These positive cell
lines were screened for the second time by ELISA, and
the positive cell lines were screened for subclass iden-
tification. As a result, nine IgG-type positive hybridoma
cell lines were obtained and frozen. Finally, the mono-
clonal antibody was used to detect the total protein
of Arabidopsis by Western blot.

Verification of expression pattern of AtSUC4 at
tissue level

To verify the expression pattern of AtSUC4 during
Arabidopsis development at the tissue level, we created
pAtSUC4::GUS transgenic plants under the control of the
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endogenous AtSUC4 promoter. A 998-bp fragment
before the coding region of AtSUC4 was amplified from
total DNA of leaf, subcloned into the entry vector
pDONR207 and inserted upstream of the GUS into the
destination vector pHGWFS7 [28], yielding construct
pHGWFS7-pAtSUC4::GUS, which was used for A. tumefa-
ciens transformation. Primer pairs used are shown in
Supplemental Data S1. Samples including the whole
seedlings (grown for 4 d, 14 d and 25 d period), flowers
(grown for 35 d period), siliques and seeds (grown for
50 d period) were stained according to a standard pro-
tocol [13]. For each sample, we analysed 10-15 inde-
pendent lines, and representative results are presented.
Photographs were captured by a stereomicroscope
(Leica MZFL Ill; Leica Microsystems, Bensheim, Germany).

Generation of Arabidopsis atsuc4 mutant lines

Three types of atsuc4 mutant lines were used in this
study. The atsuc4 mutant (cs93419) was obtained from
the Nottingham Stock Centre (http://arabidopsis.info/)
and was screened for the AtSUC4 point mutation
homozygous with no ERECTA gene mutation, which
was named as suc4-1. To generate an AtSUC4 knockout
line suc4-2, we adopted the CRISPR/Cas9 genome edit-
ing system provided by Ma et al. [29]. Two gene-specific
gRNA sequences (TCACAGAGTCACTCGCAACC and
CTCGTTGGGCATAGTAGCGA) were designed using the
tools at http://skl.scau.edu.cn/. The AtSUC4 T-DNA
insertion line named suc4-3 (WiscDsLox450E10) was
obtained from the Nottingham Stock Centre (http://
arabidopsis.info/). The position of the T-DNA insertion
was determined by sequencing a PCR product obtained
from suc4-3 genomic DNA [13]. For the AtSUC4
complement-expressors (marked as AtSUC4/suc4-1), the
AtSUC4 promoter and gDNA sequence fragments were
amplified from the total DNA of leaves, and inserted
into the BamH |- and EcoR I-digested plant transfor-
mation vector pCAMBIA1300 [30] by ClonExpress
MultiS One Step Cloning Kit (Vazyme). The resulting
plasmid pCAMBIA1300-pSUC4::gSUC4-GFP was used for
suc4-1 mutant transformation. Primer pairs for vector
construction and identification of atsuc4 mutants are
shown in Supplemental Data S1.

Measurement of root length, plant height and
the number of rosette leaves

For sugars treatment, the seeds of WT and atsuc4
mutant lines were sown on Murashige and Skoog (MS)
solid media containing different concentrations of
sucrose, glucose and mannitol after sterilizing the
seeds (0%, 2%, 4% and 6%). Bright-field images of
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different plants were captured at 6 d after sowing
using a Canon 60D camera. Root length was measured
by Image J software. For the phenotype comparison
between WT and mutants, plants were grown in soil
under LD condition. The number of rosette leaves was
recorded at 25 d, and the plant height was measured
at 50 d. Three biological replicates and more than 30
plants for each replicate were used for analysis.

Analysis of carbohydrate content

Preparation of plant materials and determination of
carbohydrate content via ion chromatography was
performed as previously described [25]. WT, atsuc4
mutants and AtSUC4/suc4-1 seeds were sown on MS
solid media containing different concentrations of
sucrose (0%, 2%, 4% and 6%). Roots were collected
and quickly grinded in liquid nitrogen. An aliquot of
each individual sample was precisely weighed (20mg)
and transferred to an Eppendorf tube. After adding
the addition of 500puL of extract solvent (ethanol-
water, 8:1) and including the isotope as internal stand
with the fix concentration. The samples were vortexed
sonicated. The homogenate and sonicate circle were
repeated three times, followed by incubation at 90°C
for 30min and centrifugation at 18,500g for 15min.
The supernatant was transferred to an auto-sampler
vial for ultra-high-performance liquid
chromatography-tandem mass spectrometry
(UHPLC-MS/MS) analysis to measure glucose and fruc-
tose. Another aliquot was further diluted 10 times for
UPLC-MS/MS analysis to quantitate the sucrose. When
the concentrations of metabolites were beyond the
standard curve range, the samples were diluted accord-
ingly to place their concentrations within the range.
The final concentration was in ug mg='. FW equals the
calculated concentration multiplied by the dilu-
tion factor.

Determination of IAA and ABA content in roots

Roots were collected from WT and suc4-1 mutant grown
on MS solid media with 2% and 6% sucrose supple-
mentation under LD condition at 6 d after sowing, with
three biological replicates (approximately 0.5g fresh
weight per sample). And the contents of endogenous
IAA and ABA were determined according to a previously
reported method with modification [31]. The samples
(50 mg) were analysed using Thermo Scientific Ultimate
3000 UHPLC System equipped with a Thermo Scientific
TSQ Quantiva-Stage Quandrupole Mass Spectrometer
(http://www.greenswordcreation.com).

Analysis of the RNA-seq data

Total RNA was isolated from the 6-d-old seedling roots
of WT and suc4-1 plants grown on MS solid media
containing different concentrations of sucrose (2%, 4%
and 6%) in three biological replicates. As previously
described [32], RNA samples were treated with DNase
before being quality checked using an Agilent 2100
Bioanalyzer. Total RNA was prepared for a strand-specific
TruSeq™ RNA-seq library, and all 27 samples were
sequenced on an lllumina HiSeq 4000, with 150bp
paired end reads. Differential expression analysis was
performed using the DEGSeq R package (1.12.0).
P-values were adjusted using the Benjamini & Hochberg
method. A corrected P-value of 0.05 and log, (Fold
Change) of 1 were set as the threshold for significantly
differential expression. Gene ontology enrichment anal-
ysis of differentially expressed genes (DEGs) was imple-
mented by the GOseq R package, in which gene length
bias was corrected. Gene ontology terms with a cor-
rected P-value less than 0.05 were considered signifi-
cantly enriched by DEGs. All sequences generated in
this study have been deposited in the National Center
for Biotechnology Information Sequence Read Archive
(https://www.ncbi.nlm.nih.gov/sra/) with project num-
ber PRINA666009.

Statistical analyses

The overall data were statistically analysed using SPSS
20 software (IBM China Company Ltd., Beijing, China).
One-way or two-way analysis of variance with Duncan
test at the 5% level was used to test differences
between multiple samples. Data were presented as
means and SEs or SDs using Microsoft Excel.

Results

Expression pattern and subcellular localization of
AtSUC4

To investigate whether the AtSUC4 expression was
induced by sucrose, we generated a construct (pAt-
SUC4::GUS) harbouring the GUS reporter gene driven
by the endogenous AtSUC4 promoter and transformed
into Col-0. pAtSUC4::GUS seedlings were grown on the
medium with different concentrations of sucrose (0%,
2%, 4% and 6%) for 7 d and then stained for GUS
activity detection. As shown in Figure 1A, with the
increase in sucrose concentration in the medium, the
activity of GUS became gradually higher, suggesting
that AtSUC4 expression was significantly induced by
sucrose. This result was further supported by GUS
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Figure 1. Expression level of AtSUC4 in response to different concentrations of sucrose. (A) 7 d-old pAtSUC4::GUS seedling on
MS solid media with different concentrations of sucrose (0%, 2%, 4% and 6%). (B) The relative expression level of GUS in roots
of pAtSUC4::GUS plants. (C) The relative expression level of AtSUC4 in roots of 7-d-old WT seedlings under different concen-
trations of sucrose treatment (0%, 2%, 4% and 6%). Data are mean values+ SE of three biological replicates. Bars with different
letters indicate significant differences among treatments for the same stage according to Duncan’s test (at p <0.05).

expression analysis using RT-qPCR (Figure 1B). We also
detected the expression level of AtSUC4 in the root of
7-d-old WT seedlings. The result showed that the
expression level of AtSUC4 increased significantly as
the concentration of external sucrose increased (Figure
1C). These results indicated that AtSUC4 expression
was induced by sucrose.

We next detected the spatio-temporal expression
of AtSUC4 in Arabidopsis using pAtSUC4::GUS seedlings.
As shown in Supplemental Figures STA and B, AtSUC4
was mainly expressed in vasculature cells of leaves
and mature portion of roots in 4-d- and 14-d-old seed-
lings. In 25-d-old plants, GUS staining covered the
entire root and juvenile leaves but not mature leaves
(rosette) (Supplemental Figure S1C). The inflorescence,
petals, styles and the developing flower buds showed
the presence of GUS staining. Specifically, we detected
the GUS activity in vasculature of petals and styles in
mature flower (Supplemental Figure S1D). In addition,
it showed that strong GUS activity was detected in
vascular tissues of siliques at 1 DAF (days after flow-
ering) and embryo at 15 DAF (Supplemental Figures
S1E and F).

It has been known that the Group IV sucrose trans-
porters are tonoplast- or/and PM-localized. Since the
tonoplast localization of AtSUC4 was found only by

protoplasts transient system [13], we wanted to
re-check whether AtSUC4 localized to the PM using
three different approaches. The AtSUC4-GFP fusions
protein was stably expressed in the root of Arabidopsis,
showing clear and strong fluorescence in the PM
(Figure 2A). Immune colloidal gold assay was also con-
ducted for subcellular localization detection. The iden-
tification of IgG-type positive hybridoma cell lines by
Western Blot are shown in Supplemental Figure S2,
and a monoclonal antibody of AtSUC4, which belongs
to subclass G2b, was successfully obtained. Both
immune colloidal gold assay and transient transforma-
tion of Arabidopsis protoplasts with 35S::AtSUC4-GFP
vector showed that AtSUC4 was localized to the PM
(Supplemental Figures 2B and C). These results indi-
cated that AtSUC4 was mainly located in the PM in
root cells.

Analysis of root length in atsuc4 mutants under
higher sucrose condition

In order to determine the effect of AtSUC4 mutation
on plant growth, three mutant lines were generated,
including suc4-1 (generated by EMS mutagenesis),
suc4-2 (generated by CRISPR/Cas9 editing) and suc4-3
(T-DNA insertion) (Supplemental Figure S3A). The
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Figure 2. Subcellular localization of AtSUC4. (A) Root image of GFP fusion to the C-terminus of AtSUC4 by stable transformation.
(B) Detection of AtSUC4 localization by immune colloidal gold. SE: sieve element, CC: companion cell, PM: plasma membrane.
The black arrow represents the gold particles. The right image served as a negative control. (C) The subcellular localization of
a GFP fusion to the C-terminus of AtSUC4 by transient transformation of Arabidopsis protoplasts. GFP and RFP indicated the
fluorescence of AtSUC4-GFP fusion protein and chlorophyll auto-fluorescence, respectively.

suc4-1 point mutation (C502A) and suc4-2 inserted
mutation (A was inserted between nucleotides 29 and
30) introduced stop codon (TAA), resulting an early
termination of AtSUC4 protein translation (Supplemental
Figure S3B). The AtSUC4 transcript in all the three
mutants was significantly lower than in the WT,
whereas it was similar to that of the WT in the
AtSUC4/suc4-1 (Supplemental Figures S3C and D).
Under the LD conditions, both plant height and leaf
number were similar in all genotypes (Supplemental
Figures S3E and F, S4A and B). The root length of WT
was similar to all the three atsuc4 mutants on medium
supplemented with low sucrose concentration, includ-
ing 0%, 0.5%, 1%, 1.5% or 2% sucrose (Supplemental
Figure 54C). These data demonstrated that there was
no difference in phenotype between atsuc4 mutants
and WT plants on the sucrose-free or low concentra-
tion of sucrose condition.

To test whether the phenotypes of atsuc4 mutants
were altered in response to high content of sucrose,
atsuc4 mutants, WT and the complementary line
AtSUC4/suc4-1 were cultured under different concen-
trations (0%, 2%, 4% and 6%) of three different sugars.
When feeding sucrose to the medium, the root length
was the longest in all plants at 2% sucrose concentra-
tion. As the sucrose concentration became higher, the
root length in all lines gradually decreased (Figure 3A
and B), indicating that higher concentration of sucrose
would inhibit the root growth. Interestingly, the primary
root of the atsuc4 mutants was significantly longer than

that of WT and AtSUC4/suc4-1 plants when the sucrose
concentrations in the medium was raised to 4% and
6% (Figure 3A and B). We next explored whether the
high concentration of glucose or mannitol (served as
osmotic stress) would cause the similar difference of
primary root length among WT, atsuc4 mutants and
AtSUC4/suc4-1. As shown in Figure 3C-F, no differences
were found in the root length among these three gen-
otypes of plants under the same treatment. Taken
together, these results suggested that disruption of
AtSUC4 in atsuc4 mutants repressed the inhibition of
high concentration sucrose on root growth, which dis-
played a sucrose-specific response.

Accumulation of sucrose, ABA and IAA in roots of
atsuc4 mutants under higher sucrose condition

To investigate whether the difference in root length
was caused by the sucrose content, we then compared
the sucrose content in roots between mutants and WT.
The results revealed that when no exogenous sucrose
was added, the sucrose content in all lines showed no
significant difference. After adding exogenous sucrose
(2%, 4% and 6%), the sucrose content in the roots of
all lines increased as the exogenous sucrose concentra-
tion became higher. However, an obviously reduced
sucrose content in root was shown in atsuc4 mutants
compared with WT and AtSUC4/suc4-1 on medium with
2%, 4% and 6% sucrose supplementation, especially
when 6% sucrose was added, the difference of sucrose



0% Suc
I { ) {

2% Suc

S 2~y
P Y

\E o

suc4-1 suc4-2 suc4-3  AtSUC4/suc4-1 WT  suc4-1

suc4-2 suc4-3 AtSUC4/sucd-1

BIOTECHNOLOGY & BIOTECHNOLOGICAL EQUIPMENT e 567

0% Man

1cm Y vt AT I

1% H

sucd-1 sucd-2 suc4-3 AtSUC4/sucd-1

0% Suc 0% Glu

2% Suc 4% Suc 6% Suc

2.0 0.5
—WT :
= suc4-1 — WT4 1
&= sucd-2 ; 5354:2
o a2 =sucd-3 0.4 = sucd-3
15 b b — A(SUCH/sucd-1 = a_.a a — A{SUCH/sucd-1
S 3 a a
oot b b
= < - T by
-— = 8
g) aba ab £ abfa
810 5 I
b e 0.2
o] e}
X o5 o aalyp
0.1
o e )

2% Glu

4% Man 6% Man

0% Man

4% Glu 6% Glu 2% Man
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to Duncan’s test (at p<0.05), n>50.

Table 1. Sucrose content in roots of different types of plants.

Treatment WT suc4-1 suc4-2 suc4-3 AtSUC4/suc4-1
0% Suc 0.27+0.03 0.31+0.04 0.26+0.04 0.26+0.03 0.30+0.05
2% Suc 1.45+£0.11 0.58+0.17**  0.98+£0.11**  0.95+0.13** 1.82+£0.17*%
4% Suc 2.77+0.38 1.89+£0.13**  2.18%+0.17**  1.90+0.28** 417 £0.46**
6% Suc 19.40+1.03 5.06+0.61**  8.29+0.50**  4.67+£0.37** 17.57 £1.81

Values, means £ SD; (unit: ug mgg, ™).

content between atsuc4 mutants and WT was conspic-
uous (Table 1). To a lesser extent, the glucose content
of suc4-1 and suc4-3 roots were decreased compared
with WT on medium supplemented with 4% and 6%
sucrose, whereas no significant difference between
suc4-2 and WT (Supplemental Figure S5A). The content
of fructose in three atsuc4 mutants was significantly
lower than that of WT and AtSUC4/suc4-1 on medium
without sucrose. As the concentration of sucrose
increased to 6%, markedly reduced fructose content
was detected in suc4-2 compared with WT, but no sig-
nificant differences in WT, suc4-1 and suc4-3
(Supplemental Figure S5B). These results showed that
atsuc4 mutants accumulated less sucrose under higher
sucrose condition, which was probably contributed to
longer root length compared with WT.

All the plants were grown on MS solid media with
different concentration of sucrose (0%, 2%, 4% and

6%) for 6 days after sowing. Data are mean values+SD
of three biological replicates. *' and **' indicate sig-
nificant differences among genotypes for the same
treatments according to Duncan’s test (at p<0.05 and
p<0.01, respectively), n>50.

In order to verify whether the longer root length of
the atsuc4 mutants crossed with the IAA and ABA signal
pathway under high sucrose condition, we detected the
IAA and ABA contents in roots of WT and suc4-1 (Table
2). The result showed that the accumulation of IAA in
both suc4-1 and WT was decreased in the 6% sucrose
supplementation compared with 2% sucrose. However,
it was significantly higher in suc4-1 than WT, suggesting
that the less reduction of IAA might alleviate the inhi-
bition of root growth under high sucrose. On the con-
trary, 6% sucrose stimulated the accumulation of ABA
in both suc4-1 and WT, and less ABA was accumulated
in the suc4-1 compared with WT.
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Table 2. ABA and IAA content in roots of different plants.

Analyte IAA ABA
WT (2% Suc) 109+1.2 6.3+0.6
suc4-1 (2% Suc) 9.6+0.7 4.1+0.2*
WT (6% Suc) 3.2+0.3* 9.6+0.7

suc4-1 (6% Suc) 53+£0.1
Values, means+SD; (unit: ng ggy, ™).

7.2+0.4*

All the plants were grown on MS solid media with
different concentration of sucrose (2% and 6%) for
6days after sowing. Data are mean values+SD of three
biological replicates. *" indicates significant differences
among genotypes for the same treatments according
to Duncan’s test (at p<0.05), n>50.

Analysis of global gene expression change in
atsuc4 mutants under different sucrose condition

To better understand the role of AtSUC4 at the molec-
ular level under high sucrose, comparative transcrip-
tome analysis was performed between suc4-1 and WT
using roots grown for 6 d under 2%, 4% and 6%
sucrose treatments. A total of 1,259 (581 up, 678
down) DEGs were identified in suc4-1 compared with
WT on the medium supplemented with 2% sucrose,
respectively. At 4% sucrose condition, 452 (182 up,
270 down) DEGs were found in suc4-1. Under high
concentration of sucrose condition (6% sucrose), the
number of DEGs increased, among which 6,485 (2,837
up, 3,648 down) DEGs were identified in suc4-1.
Besides, only 26 DEGs overlapped under these three
conditions (Supplemental Figure S6). KEGG enrichment
analysis among the DEGs revealed that three pathways,
including carbon metabolism, glyoxylate and dicarbox-
ylate metabolism and pyruvate metabolism, were
enriched under 4% sucrose treatment (Supplemental
Figure S7A). Additionally, plant hormone signal trans-
duction, starch and sucrose metabolism and phenyl-
propanoid biosynthesis were the most enriched
pathways in the suc4-1 plants at 6% sucrose condition
(Supplemental Figure S7B).

Atsuc4 mutants response to higher sucrose
through sucrose, IAA and ABA signalling pathway

Our study showed that the sucrose accumulation was
much lower in atsuc4 mutants than in WT under 6%
sucrose. We therefore checked the expression change
of AtSUCs and AtSWEETs, two main kinds of carriers
for sucrose transport, in suc4-1 in RNA-seq data. As
shown in Figure 4A, AtSUC2, 4 and 5, AtSWEETI, 4, 11,
12, 13 and 15 were significantly down-regulated in
suc4-1 compared with WT at 6% sucrose condition,

whereas a reverse expression pattern was found for
AtSWEET2, 14, 16 and 17, as well as AtSUCT and 3. We
further investigated the expression of AtSUC2,
AtSWEET11, 12 and 15 by gRT-PCR, showing consistence
with RNA-seq data (Figure 4B). These results revealed
that more sucrose transporters tend to be
down-regulated in suc4-1, which might contribute to
lower level of sucrose in the mutants under high
sucrose. Except for sucrose transport, sucrose accumu-
lation is also affected by sucrose synthesis and deg-
radation. Hence, we explored the expression of genes
related to sucrose synthesis and degradation in suc4-1
under high sucrose conditions. As shown in Figure 4A,
three genes that encode Sucrose Synthase (SUST, 4,
5), which are important for sucrose degradation, were
significantly up-regulated in suc4-1 lines compared
with WT under high sucrose. On the contrary, the tran-
script levels of the genes encoding Sucrose-Phosphate
Synthase (SPS), which is involved in sucrose synthesis,
were reduced significantly.

The content of ABA and IAA were significantly dif-
ferent between suc4-1 and WT under 6% sucrose treat-
ment (Table 2). Therefore, the expression levels of
IAA- and ABA-related genes were investigated by
RNA-seq. As shown in Figure 4C, two IAA biosynthesis
genes (YUQ2, 6), two IAA transporter genes (PINT1, 4)
and five IAA signal transduction genes (PLT1, 2, SHR,
IAA6 and 19) were up-regulated in suc4-1 under 6%
sucrose condition. On the contrary, one ABA biosyn-
thesis gene (NCED3), seven ABA signal transduction
genes (PYL2, 8, SnRK2.3, 2.6, ABI3, 4 and 5) were
down-regulated in suc4-1 (Figure 4E). These results
were in agreement with the increased accumulation
of IAA and reduction in ABA in atsuc4 mutant plants
under 6% sucrose treatment. To test the reliability of
the transcriptome data, five sucrose metabolism genes,
five 1AA signalling pathway genes and five ABA sig-
nalling pathway genes were chosen for RT-qPCR assay.
Gene expression as elucidated by RT-qPCR exhibited
similar trends with that of the transcriptome data, with
some variation in the magnitude (Figures 4B, D and
F). Taken together, these results suggested that defi-
ciency of AtSUC4 had directly or indirectly stimulated
the IAA signalling pathway but repressed the ABA
signalling pathway under high sucrose.

Discussion

Although various studies have focussed on AtSUCs in
Arabidopsis, relatively few have been performed on
the effect of AtSUC4, a unique high-affinity/low-capacity
sucrose transporter in Group IV in Arabidopsis, on root
development in recent years. Based on our findings



BIOTECHNOLOGY & BIOTECHNOLOGICAL EQUIPMENT e 569

B
2.00
150 SUCI (AT1G71880) SUC?2 (AT1G22710) SWEET11 (AT3G48740) SWEET12 (AT5G23660) SWEETIS5 (AT5G13170)
156 o FPRM -~ FPKM —8— FPKM —e- FPKM -e— FPKM
& o5 - EEIRTPCR, 5 o.10 1 TELRT-PCR - 50 s IIRTPCR 005y EEREPCR 0 039 1 EEIREPCR
0.00 ' =
S § o d i 008 40 §oon2 o o004 25 0015 &
i 2 = 20010 2 20 8
100 £o3 0% Soos 0F B - 2003 ol ez
1,50 ] 2 Z 7 g 000 02§ 152 %0010 107
202 20 004 202 90006 z 2o 0= 2 <
= b e £ 0.004 5 kS * 5 0,005 s
] 5002 03 = 0.01 > i -
e Ol 2 g0 & 0,002 * 2 5 &
0.0 0.00 0 0.000 - 0 0.00 0 0.000 0
WT suc4-1 WT sucd-1 WT sucd-1 WT suc4-1 WT suc4-1
v
S804
St
)
D
Yucz PINI (AT1G73590) PIN4 (AT2G01420) PLT2(AT1G51190) SHR (AT4G37650) I4A19 (AT3G15540)
—— FPKM —&— FPKM —o— FPKM =8— KM -~ FPKM
yuce 4] RT-PCR
005 1 EORFPCR 49 0.5 1 EEEIRT-PCR: 25 00025 { EELRTRCR oo 3 o5 o TERTPCR g0
GH3.1 2% 500
500t 00 2 £ 00020 & 8o B gos
N, 2 £ * 3 B 2 2 400
Lo 3 gois 150 8 o015 * lem & e |72 Eos z
g & 20 z c E 2 Boown 5% 8 L [0z
0.02 5 10 @
PLT “é » : 0.10 < 2 00010 4Z 2 i j—é 02 -
PLT2 Zon ;‘f 0.05 5 E 0.0005 2 CILLLS 5 2ol 100
SHR 900 v 0.00 0 0.0000 0 0.000 0 00 0
WT sucd-1 WT suc4-1 WT suc4-1 WT sucé-1 WT suc4-1
1AA6
1AA19
F
2.00
oo NCED3 SnRK2.6 (AT4G33950) ABII (AT4G26080) PYL8 (AT5G53160) ABI3 (AT3G24650) ABI5 (AT2G36270)
i -8— FPKM -8— FPKM —8— FPKM —8— FPKM -e— FPKM
s CYP707A2 0025, TELRT-PCR 5 0.05 o EEEL.RT-PCR - 40 0.10 7 IS0 RE-PCR_ 5 s BN RT-PCR_ 5o 0.0030 1 EE.RT-PCR_ g9
de5
0.00 PYL2 & = £0.08 = 0.0025
05 S 0020 s Bou 30 2 s Elzes 40 g i
100 2 2 ¢ % 1.0e-5 200020
450 £ 0015 = £003 z £.0.06 3 E" 30 3 £ e
H 0x 3 202 3 10 2 % 8.0c-6 = % 00015 407
20010 2 200 2 2oos 96056 08s * g
g s = 10 5 5 = 4006 E 20
S 0.005
2 0.003 2001 & 0.02 éz.om 10 2 0.0005
Gip . 0.00 0 0.00 L 0.0 0 0.0000 0
WT sucd-1 WT sucd-1 WT suc4-1 WT sucd-1 WT sucd-1

Figure 4. Expression level of genes related to sucrose transport and metabolism, IAA and ABA signalling pathway. (A), (C), (E)
Heatmap of representative genes expression related to sucrose, IAA and ABA signalling pathway. (B), (D), (F) Gene expression
changes as assessed by RT-qPCR. The relative expression detected by RT-qPCR is represented by a bar graph, and the left
ordinate indicates the expression level. FPKM of genes, according to RNA-Seq data, is represented by a line graph, and the

right ordinate indicates the FPKM level. Asterisks represent a sig

nificant difference compared with WT. The log, fold change

value of the gene expressions from transcriptome is displayed in different colours. Yellow colour means high expression and

blue colour means low expression. Each sample was assayed in
selected from the roots of different plants which were grown on

in this study, the possible function and the regulation
mechanism of AtSUC4 in the root under high sucrose
would be discussed.

Long-distance transport of sucrose from source to
sink organs occurs through vascular system, which is
mediated mainly by sucrose transporters. In this regard,

three biological replicates. The experimental materials were
MS solid media with 6% sucrose for 6days.

many SUTs were targeted to PM [33]. It is well known
that the members in the SUT4 clade were reported to
be either PM- or/and tonoplast-localized [34,35]. To date,
dual target to the PM and tonoplast have been char-
acterized in several members, including HvSUT2
(Hordeum vulgare), LjSUT4 (Lotus japonicas), NtSUT4
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(Nicotiana tabacum), GeSUT4 and OsSUT2 (Oryza sativa
L.) [36,37]. In addition, two SUT4 homologs of Solanaceae,
SISUT4 from tomato and StSUT4 from potato, were
found in the endoplasmic reticulum except for PM and
vacuole [36], indicating heterogeneity of SUT4 clade
localization in plants. It has been characterized that
AtSUC4 localized to vacuole using the protoplast tran-
sient expression system and PM by functional charac-
terization in heterogenous yeast [13, 34]. Only one
proteomic report indicated that AtSUC4 residue was
detectable in the chloroplast envelope [38], but this
point of view was fully challenged by lack of more
direct evidence [39]. In the present study, using stably
transformed plants with an AtSUC4-GFP construct under
a native promoter, we demonstrated that AtSUC4 was
PM-localized, which was confirmed by two other addi-
tional approaches of transient expression and
Immunogold label systems (Figure 2). Moreover, the
deficiency of AtSUC4 led to less sucrose accumulation
in the root of atsuc4 mutants under high sucrose con-
centration (Table 1), implying the sucrose import medi-
ated by AtSUC4 from the extracellular space to the
cytoplasm. These observations provided clear evidence
that AtSUC4 physiologically functions at the PM in root,
the primary site for apoplastic sucrose import. Therefore,
the alleviation of sucrose toxicity in root under high
sucrose treatment in atsuc4 mutant was supported by
the sucrose import activity of AtSUC4.

Sucrose metabolism plays pivotal roles in develop-
ment and stress response, mainly by generating a
range of sugars as metabolites to fuel growth and as
signals to regulate gene expression for crosstalk with
hormonal signalling. This is achieved by the generation
of sugar signalling molecules such as sucrose itself,
glucose and trehalose-6-phosphate or perhaps by the
signalling role exerted by the metabolic process itself
[40,41]. Therefore, sucrose transport, synthesis and
degradation are very important in regulating plant
growth. To date, SUCs and SWEETs have been charac-
terized as the two main types of proteins responsible
for sucrose transport in plants. Arabidopsis genome
contains nine SUGs, and five of them were found to
be differentially expressed between the atsuc4 mutant
and WT under 6% sucrose supplementation, which
AtSUC2, 4 and 5 were down-regulated, whereas AtSUCT
and 3 were up-regulated in suc4-1 (Figure 4A), sug-
gesting that more AtSUCs were decreased in suc4-1.
The clade Il member of SWEET family in Arabidopsis
AtSWEET9-15 and one member of clade V AtSWEET16
have been identified to have sucrose transport activity
[3, 42]. As SWEETs facilitate the sugar transport along
the sugar gradient, 6% sucrose treatment inhibited the
expression of AtSWEET11, 12 and 15, but only induced

AtSWEET14 and 16 expression in suc4-1 (Figure 4A),
indicating that a larger number of AtSWEETs which
was responsible for sucrose transport tend to be
repressed in suc4-1. Accordingly, we proposed that the
notably decreased sucrose accumulation in the atsuc4
mutants could be a result of the more down-regulated
expression of AtSUCs and AtSWEETs, which are respon-
sible for sucrose transport. It was well known that
AtSUC2, functions as a high-affinity, low-capacity trans-
porter, is essential for phloem loading for long-distance
sucrose transport from source to sink [43]. The expres-
sion of AtSUC2 was decreased in atsuc4 mutant (Figure
4A), and was induced by increasing sucrose treatment
(Supplemental Figure S8), showing the co-expression
pattern of AtSUC2 and AtSUC4 under high sucrose con-
dition. Furthermore, the interaction between AtSUC2
and AtSUC4 was found [43], and overexpression of
AtSUC4 and inclusion of adgl, tmtl, tmt2 in atsuc2
mutant could partially rescue the dwarf phenotype
[44]. Accordingly, probably AtSUC2 and AtSUC4 might
be in a complex network to regulate root growth
under high sucrose condition. Computational analysis
of cis-acting regulatory elements in promoters of
AtSUCs showed that ABA-responsive element (ABRE)
was distributed in most of AtSUCs, including AtSUCT
and AtSUC3 [45]. Furthermore, a bZIP transcriptional
factor ABI5, involved in the ABA signalling pathway,
was found to bind to ABRE in the context of the
AtSUCT promoter using yeast-one hybrid assay, and
negatively regulating the AtSUCT expression level [46].
In the present study, ABI5 was repressed in the atsuc4
mutant compared with WT under 6% sucrose treat-
ment (Figure 4C), which thus contributes to the pro-
motion of AtSUCT accumulation. Although there is no
direct evidence that ABI5 could bind to ABRE in the
AtSUC3 promoter, we speculated that ABI5 might affect
the AtSUC3 expression in a similar way to that
in AtSUCT.

Sucrose can be degraded by sucrose synthase (SUS;
EC 2.4.1.13) into hexose or their derivatives, which
are then used in diverse ways. The transcript levels
of AtSUSI, 4 and 5 and AtCINV1 were increased,
whereas sucrose synthesis-related genes, including
two AtSPSs (AtSPS1 and AtSPS3) and AtSPP2, were
decreased in the suc4-1 plants compared with WT
(Figure 4A), indicating that the pathway of sucrose
degradation was active, but the sucrose synthesis was
blocked by the deficiency of AtSUC4. Taken together,
these data suggest that AtSUC4 regulates root growth
by affecting the expression of many sucrose meta-
bolic enzymes, which reduce sucrose inflow and bio-
synthesis and increase sucrose degradation in
intracellular.



Evidence from some studies highlights the central
role of auxin in generation and maintenance of pri-
mary root meristems [17, 47,48]. Thus, sucrose and
auxin could operate coordinately during root growth.
Interestingly, the root length and IAA content of atsuc4
mutants were higher than that of WT under 6%
sucrose treatment (Figure 3A and Table 2). Consistent
with this, RNA-seq data showed that the expression
of the genes related to IAA biosynthesis (YUC2, 6) and
transporters (PIN1, 4) were significantly up-regulated
in suc4-1 under high-sucrose (Figure 4C). Since lower
sucrose content was measured in atsuc4 mutants, and
sucrose has been identified as a signal molecule, it is
therefore speculated that more sucrose could active
expression of genes responsible for IAA biosynthesis
and transport. The PLT, SCR and SHR genes are required
to define the root-stem cell niche [49,50]. Meanwhile,
PLT in turn regulates the auxin accumulation in the
quiescent centre both through transport (PIN4) and
biosynthesis (YUCs) [51,52]. According to RNA-seq data,
AtPLT1, 2 and AtSHR were significantly up-regulated in
suc4-1 compared with WT at 6% sucrose application
(Figure 4C). Based on the results presented here, we
proposed that the higher content of IAA provoked the
expression of AtPLT1, 2 and AtSHR in suc4-1 compared
with WT, which contribute to display the longer pri-
mary root under high sucrose. The aux/iaa mutants,
including iaal, 2, 13, 6, 17, 19 and 28, had reduced
multiple auxin responses, with shorter roots than WT
[53]. In our study, the expression levels of two Aux/
IAAs (IAA6, 19) in the atsuc4 mutant were significantly
higher than in the WT in the treatment with 6%
sucrose (Figure 4C), contributing to the longer root
length in the atsuc4 mutant accordingly. The interac-
tion between sucrose and IAA has been revealed, in
which auxin signalling factor significantly affected the
accumulation of sucrose, while sucrose could regulate
the auxin signalling [54,55]. Our results indicated that
AtSUC4 influenced the expression of IAA-related genes,
and we tested whether |IAA has an impact on AtSUC4
accumulation in turn. However, the result showed that
no obvious change occurred in GUS activity under
native AtSUC4 promoter and AtSUC4 expression under
IAA treatment (Figure S9A and B), indicating that
AtSUC4 expression was not affected by IAA during
seedling growth. It has been reported that sucrose
not only provides the energy for plant growth and
development, but also acts as a signal factor to reg-
ulate gene expression [56]. Hence, the RNA profiling
studies revealed that the deficiency of AtSUC4
decreased the sucrose content in atsuc4 mutants root
compared with WT under 6% sucrose treatment, with
sucrose acting as a signal factor to increase the
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expression of |AA-related genes, therefore activated
the IAA signalling transduction.

Studies have suggested that sucrose and ABA are
provital molecular signals that participate in regulating
diverse developmental processes in plant [57,58]. It
has been reported that manipulation of strawberry
FaSUT1 expression is positively correlated with sucrose
and ABA content [57]. Similarly, as shown in Table 1
and Supplemental Figure S5, the deficiency of AtSUC4
led to a strong decrease in sucrose content relative
to WT under all the concentrations of exogenous
sucrose, but had little effects on the content of glucose
and fructose. Moreover, suc4-1 had significantly lower
of ABA content under both low (2%) and high (6%)
sucrose concentrations, suggesting positive relation-
ship between AtSUC4 expression and ABA synthesis.
In addition, NCED3, a key gene that controls the syn-
thesis of ABA, was significantly decreased in suc4-1
compared with WT (Figure 4E). These results strongly
indicated that AtSUC4 probably participates in the
sucrose signalling, subsequently regulating the ABA
synthesis in the root. ABA signal transduction is highly
dependent on its synthesis [59,60]. Consistent with the
less ABA in suc4-1, we found that the expression levels
of seven ABA signal transduction genes (PYL2, 8,
SnRK2.3, 2.6, ABI3, 4, 5) were significantly decreased in
suc4-1 with 6% sucrose supplementation, while ABI1,
a member of group PP2C which has a negative regu-
latory effect on ABA signal transduction, was signifi-
cantly up-regulated (Figure 4E). Similar to IAA, ABA
could not affect the expression of AtSUC4 during seed-
ling growth (Figure S9C and D), suggesting that AtSUC4
accumulation could not be regulated by ABA.
Collectively, our data may indicate that the deficiency
of AtSUC4 reduced the inhibition of root elongation
via ABA through repressing the ABA synthesis and
signalling mediated by reducing sucrose content.

Conclusions

This study demonstrated a novel role of AtSUC4
involved in high sucrose mediated-inhabitation in root
growth. We found that AtSUC4 was induced by sucrose,
and the deficiency of AtSUC4 resulted in alleviation of
sucrose toxicity in root under high sucrose condition,
which might be ascribed to reduced sucrose and ABA
accumulation and increased IAA levels. The gene
expression of sucrose-related, ABA and IAA signalling
pathways were altered in suc4-1 mutant plants under
high sucrose. These results provide new insights into
the mechanism in which AtSUC4 regulates sucrose
translocation when the extracellular sucrose concen-
tration is high. However, how AtSUC4 coordinates with
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sucrose, IAA and ABA pathways remains to be eluci-
dated so that we can fully understand the
AtSUC4-mediated modulation of root growth under
high sucrose condition.
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Selection and Validation of Reference
Genes for mMRNA Expression by
Quantitative Real-Time PCR Analysis
e in Neolamarckia cadamba
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Changcao Peng'?

Neolamarckia cadamba is an economically-important fast-growing tree species in South China and
Southeast Asia. As a prerequisite first step for future gene expression studies, we have identified and
characterized a series of stable reference genes that can be used as controls for quantitative real time
PCR (qRT-PCR) expression analysis in this study. The expression stability of 15 candidate reference
genes in various tissues and mature leaves under different conditions was evaluated using four different

. algorithms, i.e., geNorm, NormFinder, BestKeeper and RefFinder. Our results showed that SAMDC

. was the most stable of the selected reference genes across the set of all samples, mature leaves at

© different photosynthetic cycles and under drought stress, whereas RPL10A had the most stable
expression in various tissues. PGK and RPS25 were considered the most suitable reference for mature
leaves at different developmental stages and under cold treatment, respectively. Additionally, the
gene expression profiles of sucrose transporter 4 (NcSUT4), and 9-cis-epoxycarotenoid dioxygenase 3

. (NcNCED3) were used to confirm the validity of candidate reference genes. Collectively, our study is the

. first report to validate the optimal reference genes for normalization under various conditions in

. N. cadamba and will benefit the future discovery of gene function in this species.

. Quantitative real-time polymerase chain reaction (QRT-PCR) is a powerful tool which monitors the entire PCR
. process in real-time. Currently, northern blot, microarray, gRT-PCR and high-throughput sequencing are the
. four common methods for gene expression analysis. Among them, QRT-PCR is most widely used for accurate

quantification of gene expression because of its high sensitivity, accuracy, specificity and reproducibility and low
: cost!. However, the accuracy of gene expression is easily affected by the factors including RNA integrity, reverse
. transcription reaction efficiency, cDNA quality and genomic DNA contamination®~’. Hence, normalization is an
. essential step in qRT-PCR assay’. Among the multiple strategies proposed?, the use of reference gene is the most
© popular method for data normalization®. Udvardi et al.'* have illustrated eleven golden rules of gRT-PCR, among
* which a suitable reference gene should be stably expressed in the samples under a range of given experimental
. conditions, so as to ensure the accuracy and reproducibility of measurement in gene expression'!. In contrast,
. inappropriate reference gene selection can lead to discrepancies in interpreting the qRT-PCR data, potentially
. leading to inappropriate conclusions regarding expression of target genes. Therefore, selection of appropriate
- reference genes is of great importance for data normalization in qRT-PCR analysis.

Numerous studies have indicated that the housekeeping genes involved in maintaining the basic metabolism
of cell, such as ACT (Actin), TUA (Alpha-tubulin), GAPDH (Glyceraldehyde 3-phosphate dehydrogenase) and 18S
rRNA(18S ribosomal RNA) have been routinely used as internal controls in QRT-PCR and as the reference genes
for standardized analysis in many plants species'?'%. They were assumed to be stably expressed in various tissues

. at different developmental stage and under a wide range of conditions'®. However, several recent reports showed
. that these traditional reference genes are not always stable in some specific conditions'®'7. In addition, there is no
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University, Guangzhou, 510642, China. 2Guangdong Key Laboratory for Innovative Development and Utilization
of Forest Plant Germplasm, College of Forestry and Landscape Architecture, South China Agricultural University,
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reference gene universally expressed at constant level across all species under wide range of experimental condi-
tions'®. Thus, it is essential to systematically validate the stability of potential reference genes before their use in
qRT-PCR assays in any new experimental organism.

Statistical algorithms such as geNorm!, NormFinder!? and Bestkeepeer®® have been specifically developed
for the evaluation of candidate reference genes stability and determination of the best reference in one or several
specific experimental conditions. By using these programs, reference gene validation has been successfully carried
out in many plant species, including Arabidopsis®!, rice'®, maize??, soybean®, radish?, strawberry*, orchardgrass’,
Lycoris aurea®, banana®, citrus?, grape?, poplar®, litchi?” and longan®. The reference genes identified in each
species have been frequently used in the subsequent studies, which accelerated to explore the mechanisms of key
biological processes in plant species.

Neolamarckia cadamba, a member of the Rubiaceae family, is widely distributed in South China and South
Asia, and is cultivated due to its inherent economic value in multiple aspects®.. It has been praised as “a miracu-
lous tree” since the World Forest Congress in 1972 due to its fast growth®>*, reaching heights of 17 m and trunk
diameters of 25 cm within 9 years of growth under normal conditions*. Therefore, it is a good choice to use
N. cadamba for the forest rehabilitation in tropical regions. In addition, N. cadamba lumber is also a useful source
for raw materials in paper production, furniture, building and biomass utilization. N. cadamba has also attracted
lots of attention on the medicinal value including application in the treatment of various ailments and extraction
of bioactive compounds®. Recently, N. cadamba was used as model plant to study the xylogenesis during wood
formation®!, although these studies were primarily physiological in nature, and did not include molecular details
such as transcriptional regulation of these processes. In order to explore the mechanism of wood formation and
fast growth in N. cadamba, gene expression analysis is one of the most important steps. However, so far there is
no report on the identification of reference genes for normalization in gene expression detection in N. cadamba.

To identify suitable reference genes for accurate quantification of target genes in N. cadamba, fifteen potential
reference genes including Actin 1 (ACT1), Actin 7 (ACT?7), Actin 11 (ACT11), Tubulin alpha 2 (TUA2), Tubulin
alpha 4 (TUA4), Tubulin alpha 5 (TUA5), Elongation factor 1-alpha (EF-1-a), Ribulose bisphosphate carboxylase
(Rubisco), Ribosomal protein S25 (RPS25), Ribosomal protein L10A (RPL10A), Malate dehydrogenase (MDH),
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), Phosphoglycerate kinase (PGK), S-adenosylmethionine
decarboxylase (SAMDC), F-Box protein (F-BOX) were selected, and their sequences retrieved from our pre-
viously generated transcriptome data®'. The expression stability of the selected candidates was evaluated by
qRT-PCR using a set of cDNAs from 22 different samples of N. cadamba, which included various tissues, mature
leaves at different developmental stages and photosynthetic cycles, and under cold and drought treatments.
Optimal reference genes were suggested for each experimental condition by using four different gene expression
analysis programs. Furthermore, sucrose transporter 4 (NcSUT4), responsible for sucrose transportation, and
9-cis-epoxycarotenoid dioxygenase 3 (NcNCED3), a key enzyme involved in the synthesis of ABA, were used to
confirm the reliability and effectiveness of the selected reference genes. Our study provided a list of suitable refer-
ence genes for normalization of qRT-PCR analyses, which is anticipated to facilitate the gene expression analyses
in N. cadamba.

Results

Primers specificity, PCR efficiencies and expression profile of the candidate reference genes.
A single PCR product from each primer pair of candidate reference genes was amplified with expected size by
agarose gel electrophoresis analysis (see Supplementary Fig. S1). Specific amplifications were also confirmed by
melting curves with a single peak in each candidate reference genes (see Supplementary Fig. S2). Standard curves
were generated using serial dilution series, and high linear correlations (R* > 0.99) were detected for in all genes
(see Supplementary Table S1). The PCR amplification efficiencies for fifteen genes varied from 94.5% for ACT1I to
116.3% for RPS25 (see Supplementary Table S1).

The expression levels of the candidate reference genes were determined by qRT-PCR across 5 subsets of sam-
ples including different tissues, developmental stages, photosynthetic cycles, cold and drought treatments. The
candidate reference genes displayed wide range of accumulation level across all the tested samples, with threshold
cycle (CT) values spanning 19.48-31.79 (Fig. 1). Among them, Rubisco exhibited the highest expression abun-
dance, with median CT value of 21.93. Both GAPDH and MDH showed relative high expression, with median CT
values of 22.44 and 23.69, respectively. In contrast, RPLI0A expressed lowest, with a median CT value of 30.38
(Fig. 1). Additionally, candidate genes showed distinct expression variability, among which SAMDC and RPS25
displayed relative narrower CT range values than others (Fig. 1), showing that these genes expressed more stably.
Importantly, however, these results revealed that none of the selected reference genes were expressed constantly in
all samples tested from N. cadamba. Hence, it was necessary to validate suitable reference genes for normalization
under different experimental conditions in N. cadamba.

Expression stability of candidate reference genes. geNorm analysis. In order to rank the candidate
reference genes under tested conditions, four commonly used gene expression analysis software programs, i.e.,
geNorm, NormFinder, BestKeeper, and RefFinder were applied to assess the expression stabilities of fifteen can-
didate reference genes. In geNorm analysis, the expression stability measure M was calculated for each gene based
on the non-normalized expression level Q. A cut-off value of 1.5 was recommended and set for M to evaluate gene
stability. For each sample groups in our study, M value in all the candidate genes was lower than 1.5 (Fig. 2a—e).
All fifteen candidate genes in each sample group set were ranked by M value. Base on this analysis, a lower M
value represents a higher degree of expression stability for the selected reference gene. For tissue group, RPL10A
and SAMDC were the top ranked candidates, followed by ACT11 and RPS25 (Fig. 2a). SAMDC, PGK, ACT7 and
RPL10A were the four most stable reference genes in the mature leaves at different developmental stage (Fig. 2b).
Among the samples of different photosynthetic cycles in a day, ACT7, SAMDC and ACT1 exhibited the three
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Figure 1. Distribution of threshold cycle (CT) values of 15 candidate reference genes across all 22 samples. The
solid line within each box represents the 50th percentile. The lower boundary and upper boundary of each box
represents the 25th and 75th percentile, respectively. The circles represent potential outliers.

most stable reference genes (Fig. 2c). SAMDC and RPS25 with M value of about 0.3 ranked as the most stable
genes in both groups of drought and cold treatment (Fig. 2d-e). When all samples were mixed and tested, most of
the candidate genes had higher M values than their respective calculation in each group, four of which including
EF-1-a, TUA2, GAPDH and ACT?7 even excessed the cut-off value of 1.5. SAMDC and RPS25 were the two most
stable candidates with M value of 0.78 (Fig. 2f).

In certain conditions, multiple references might be more reliable than a single one for normalization in
qRT-PCR assay'. To determine the minimum number of reference genes for accurate normalization, GeNorm
was applied through calculating the pairwise variation (Vn/n + 1) between two sequential normalization factors
to determine whether additional reference gene is necessary. Utilizing this software program, 0.15 was set as a
cut-off for V value to determine whether additional reference genes be required'. In our study, for each sam-
ple group, a pairwise variation value of V2/3 was lower than 0.15 (Fig. 3), suggesting that only two reference
genes were sufficient for normalization by qRT-PCR. Specifically, combination of RPLI0A and SAMDC were the
optimal reference genes for different tissues, while PGK and SAMDC were optimal for mature leaves at distinct
development stages. Interestingly, combination of RPS25 and SAMDC were the best choice for normalization
under both drought and cold stress conditions, whereas ACT7 and SAMDC were the best combination for sam-
ples under different photosynthetic cycles. However, when all the samples were analyzed simultaneously, nine
reference genes were required since V8/9 was higher than 0.15 whereas V9/10 was below the cut-off value (Fig. 3).
This suggested that no reasonable number of reference genes would be suitable for comparing expression levels
between large numbers of tissues/growth conditions since the requirement to use nine references to calculate
gene expression by qRT-PCR would be unreasonably time consuming. Alternatively, it may have been possible
that a pairwise analysis cut-off value of 0.15 was too strict for this case, and this result also suggested that it is hard
to find out universal reference genes for samples under different experimental conditions. Despite this limitation,
we were able to identify suitable reference genes that exhibited specificity under a certain conditions.

NormFinder analysis. To further confirm the stability of the reference genes obtained by the geNorm soft-
ware, we applied the NormFinder software for optimal normalization genes identification among the candidates.
The statistic algorithm of NormFinder is different from geNorm, the former considers intra- and intergroup
variations for the calculation of normalization factors (NF), which were used to estimate the stability values of
each reference gene. For the sample group of different tissues, RPL10A, ACT7, SAMDC and ACT11 were the four
top ranked candidates (Fig. 4a). Five stable references including F-BOX, PGK, SAMDC, RPL10A, and ACT7 were
top ranked in the sample set of mature leaves at different development stages, which showed good agreement
with geNorm analysis but with slight changes in the ranking order (Fig. 4b). For the sample set of different pho-
tosynthetic cycle, ACT7 and SAMDC were the most stable candidates (Fig. 4c). SAMDC was the most suitable
references under drought stress (Fig. 4d), whereas it was ranked second according to geNorm. Consistent with
geNorm analysis, Rubisco and RPS25 were the best candidates for normalization under cold condition (Fig. 4e).
For all the sample groups, the three top ranked references were SAMDC, F-BOX and RPL10A, of which SAMDC
was the best single candidate with stability value of 0.548.

BestKeeper analysis. The expression stability of the candidate reference genes were reanalyzed by another
program BestKeeper. CT value and efficiencies of each primer were used as input data to calculate the standard
deviation (SD), in which lower SD suggested higher stability of reference gene. ACT7, which had the lowest SD value
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Figure 2. Average expression stability values (M) of 15 candidate reference genes calculated by geNorm.
(a) Tissue; (b) developmental stage; (c) photosynthetic cycles; (d) drought treatment; (e) cold treatment; (f) all
of the samples in our given conditions.
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Figure 3. Determination of the optimal number of reference genes for normalization in the tested experimental
conditions. geNorm was used to calculate the normalization factor (NF) from at least two genes; the variable V
defines the pair-wise variation between two sequential NF values.

of 0.36, was the most stable candidate in the sample group of different tissues, whereas MDH was the least stable
gene with the highest SD (Table 1). PGK, RPL10A and SAMDC had SD value of less than 0.6, which were the three
top ranked references in the sample set of mature leaves at different developmental stage. SAMDC were the most
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Figure 4. The stability value of 15 candidate reference genes calculated by NormFinder. The lower value
indicated the higher stability of gene expression. (a) Tissue; (b) developmental stage; (c) photosynthetic cycles;
(d) drought treatment; (e) cold treatment; (f) all of the samples in our given conditions.

stable gene in the sample set of different photosynthetic cycles. Similarly, for the abiotic stress, SAMDC was the most
suitable reference gene, followed by RPS25 and RPL10A under both cold and drought conditions, respectively. When
considering all samples in our study, F-BOX and SAMDC were the top two ranked reference genes.

RefFinder analysis. The three different programs used for stability analysis showed different ranking orders
of candidate reference genes. Therefore, to obtain a consensus result, we used RefFinder program to reorder the
selected reference genes comprehensively (Table 2), and the integrated comparison of the evaluation by four
programs was shown in Supplementary Table S2. The ranking order by RefFinder showed that the top two ranked
reference gene were in agreement with the list yielded by geNorm under all given experimental conditions.
Rubisco was ranked at the bottom for the group of different tissues and photosynthetic cycle; EF-1-c« was at the
bottom position for cold treatment and all samples tested. ACT11 and ACT7 were the least stable genes in the
samples of different developmental stage and drought stress, respectively.

Validation of reference genes. In order to verify the stability of reference gene in this study, we analyzed
the expression levels of sucrose transporter 4 (NcSUT4) and 9-cis-epoxycarotenoid dioxygenase 3 (NcNCED3)
using the selected reference genes. Sucrose transporters are responsible for phloem loading, transport and
unloading of sucrose from source to sink**. NCED genes encode key enzymes for the synthesis of ABA, and are
induced under drought stress®”8. The transcript levels of NcSUT4 were quantified in the samples of different
developmental stages and different tissues, using two stable reference genes and two unstable reference genes
as endogenous controls, respectively (Fig. 5a,b). As shown in Fig. 5a, when using the two stable reference genes
(SAMDC or PGK) for normalization, the expression level of NcSUT4 was increased in the mature leaves from
March to December, with high peak in June. However, when using the least stable reference genes ACT7 and
EF-1-a as normalization factors, NcSUT4 exhibited totally different expression pattern, with gradually decrease
across different development stages of mature leaves. In various tissues, relative higher transcript abundance of
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1 ACT?7 (1.3740.36) PGK (1.8340.51) SAMDC (0.35+0.09) RPLI0A (0.6140.19) RPS25 (0.67+0.17) SAMDC (1.43 +0.35)
2 RPLIOA (1.43 +0.45) RPLIOA (1.9140.58) ACT7 (0.64+0.14) SAMDC (1.04+0.25) SAMDC (1.35+0.33) F-BOX (2.7140.79)
3 SAMDC (1.53+0.37) SAMDC (2.140.51) PGK (1.3240.37) RPS25 (1.3840.33) TUA5 (1.81+0.51) RPS25 (2.78 +0.68)
4 EF-1-o (1.96 +0.58) F-BOX (2.67 +0.78) RPS25 (1.57£0.39) ACTI (1.41£0.38) Rubisco (1.87 +0.41) PGK (2.85+0.78)
5 PGK (2+0.56) ACT7 (2.79+0.68) ACTI (1.6 +0.41) ACT11 (1.75+0.46) RPLI0A (2.6 + A0.79) RPLI0A (3.33+1.01)
6 F-BOX (2.1140.62) TUA5 (2.940.75) TUA5 (1.6£0.41) F-BOX (1.79£0.52) ACTII (2.64+0.64) TUA5 (3.58 £ 0.96)
7 TUA5 (2.17+0.6) TUA2 (3.09+0.76) RPLI0A (1.94+0.55) TUA5 (1.97+0.53) F-BOX (2.9440.87) ACTI1 (3.86+0.98)
8 ACTI1 (2.26+0.57) RPS25 (3.09 +0.76) TUA2 (2.13 +0.49) TUA4 (2.37 £0.59) TUA4 (3.1+0.77) ACTI (4 1.06)

9 RPS25 (2.46+0.6) MDH (3.45+0.83) EF-1-a (2.54+0.61) PGK (2.5240.67) ACTI (3.26£0.88) TUA4 (4.41 £ 1.07)
10 ACTI (2.5440.66) TUA4 (3.52+0.86) ACTI1 (3.11£0.79) MDH (3.76 £ 0.91) PGK (3.6140.99) MDH (4.94+1.2)
11 TUA4 (3.22+0.77) EF-1-0 (397 +1.11) GAPDH (3.17 +0.8) TUA2 (4.97 +1.36) ACT7 (3.76 +0.95) Rubisco (5.04+1.1)
12 TUA2 (4.48 + 1.09) ACTI1 (446 +1.17) MDH (4.11+1.02) EF-1-ar (5.1241.37) EF-1- (3.84+ 1.06) ACT7 (5.26+1.32)
13 GAPDH (4.69 % 1.09) ACTI (4.74+13) F-BOX (4.28+1.21) ACT7 (5.33£1.36) GAPDH (4.4441.02) GAPDH (5.77 +1.35)
14 Rubisco (5.2+ 1.16) Rubisco (5.18+ 1.13) TUA4 (5.89+ 1.31) Rubisco (6.16+1.32) TUA2 (5.07 + 1.32) TUA2 (6.21 £ 1.57)
15 MDH (5.28 = 1.24) GAPDH (5.31+1.21) Rubisco (7.17 % 1.56) GAPDH (6.23 +1.48) MDH (6.25+ 1.56) EF-1-0 (6.44%1.77)

Table 1. Expression stability values for Neolamarckia cadamba candidate reference genes calculated by
BestKeeper. Note: Fifteen candidate reference genes are evaluated by the lowest values of the coeflicient of
variance (CV) and standard deviation (SD). The number in the bracket indicated that CV = SD.

1 RPLI0A | PGK SAMDC SAMDC RPS25 SAMDC
2 SAMDC | SAMDC ACT7 RPS25 SAMDC RPS25

3 ACT7 F-BOX ACT1 RPL10A Rubisco F-BOX
4 ACT11 RPL10A PGK F-BOX TUAS5 PGK

5 PGK ACT7 TUA5 ACT11 ACTI11 RPLI0A
6 RPS25 TUA2 RPS25 ACT1 F-BOX TUA5

7 EF-1-a MDH TUA2 TUA4 GAPDH ACT1

8 ACT1 TUA4 RPLI0A GAPDH ACT1 TUA4

9 F-BOX TUA5 EF-1-a TUAS RPLI0A ACTI11
10 TUAS Rubisco GAPDH PGK PGK Rubisco
11 TUA4 RPS25 ACT11 Rubisco TUA4 MDH
12 GAPDH | GAPDH MDH TUA2 ACT7 ACT7
13 TUA2 ACT1 F-BOX MDH TUA2 GAPDH
14 MDH EF-1-a TUA4 EF-1-a MDH TUA2
15 Rubisco | ACT11 Rubisco ACT7 EF-1-o EF-1-o

Table 2. Comprehensive ranking of 15 candidate reference genes integrated by RefFinder.

NcSUT4 was found in root and phloem when using the two most stable reference genes (SAMDC and RPLI0A)
singly or in combination. Though the expression pattern was similar when the unstable gene Rubisco served as
internal control, the relative expression of NcSUT4 was much higher in root, xylem and phloem than that using
the most stable references. In contrast, the highest expression of NeSUT4 was found in xylem rather than phloem
when using another unstable endogenous gene GAPDH (Fig. 5b). The relative transcript abundance of NeNCED3
under cold and drought stress condition was also calculated in the way similar with NcSUT4 (Fig. 5¢,d). Under
cold treatment, the expression level of NeNCED3 was not affected significantly when normalized by the most
stable reference genes SAMDC and RPS25, whereas the transcript abundance was overestimated when using
the least stable references TUA2 and EF-1-a. With drought treatment, the relative expression level of NeNCED3
increased to two peaks at the PEG concentration of 5% and 20%. On the contrary, normalization by the two
least stable genes (GAPDH, Rubisco) led to the nearly unchanged pattern of NcNCED3 expression level. Taken
together, the substantial divergence was found in the expression levels of NeSUT4 and NeNCED3 when normal-
ized by the most stable and least stable reference genes.

Discussion

Gene expression analysis has become an important aspect in the functional investigation of genes during the
growth and development of various living organisms. The accuracy of genes relative expression mainly depends
on the reference genes. Therefore, the selection of inappropriate reference gene can give rise to the erroneous data
and misinterpretation of experimental results*. An ideal reference gene for normalization in gqRT-PCR analysis
should be stably expressed at moderate level in a variety of test samples and has similar amplification efficiency
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Figure 5. Relative quantification of NeSUT4 and NcNCED3 expression levels using the most and least stable
reference genes for normalization in the given experimental conditions. (a) Expression level of NeSUT4 at
different developmental stages. Most stable reference genes (SAMDC, PGK) and least stable reference genes
(ACT11, EF-1-a) were used, respectively; (b) expression level of NeSUT4 in different tissues. Most stable
reference genes (SAMDC, RPL10A) and least stable reference genes (GAPDH, Rubisco) were used, respectively;
(c) expression level of NeNCED3 under cold treatment. Most stable reference genes (SAMDC, RPS25) and least
stable reference genes (TUA2, EF-1-o) were used, respectively; (d) expression level of NeNCED3 under drought
treatment. Most stable reference genes (SAMDC, RPS25) and least stable reference genes (GAPDH, Rubisco)
recommended by BestKeeper were used, respectively. The error bars represent the mean of three biological
replicates £ SD.

to target genes®*’. However, in our analysis of potential candidate reference genes in Neolamarckia cadamba,
we determined that there is no single reference gene that exhibited constant expression level in all the samples of
various tissues and under different experimental conditions, similar with the findings in cotton*'. Even though
housekeeping genes have been commonly used for normalization in QRT-PCR assay, the expression levels of sev-
eral genes like ACT, 185 rRNA and GAPDH were not always constant in the given conditions. Therefore, it is nec-
essary to assess the expression stability of candidate reference genes systematically when performing qRT-PCR
analysis for different tissue and experimental conditions.

In this study, 15 candidate genes were selected for identifying the best reference among 22 samples under dif-
ferent experimental conditions and a variety of various tissues from N. cadamba. By the use of four computational
gene expression analysis programs, i.e. geNorm, NormFinder, BestKeeper and RefFinder, the expression stability
of the selected candidate reference genes were evaluated. The statistical algorithms to assess the stability of refer-
ences of three programs vary greatly. geNorm estimates the average pairwise variation of a reference gene versus
all other genes among the given samples>'!. However, for NormFinder analysis, the expression stability value
was calculated based on intra- and inter-group variation'®. In BestKeeper, the CV and SD values determine the
stability ranking of a candidate reference gene®. Owing to the different algorithms of the three software programs
used in this study, the ranking order of the selected candidates showed variable degrees of agreement (Figs 2, 4,
Table 1 and Supplementary Table S2). The reference genes, SAMDC exhibited the most stable expression based on
analysis by all three programs across all 22 samples under the five given conditions (see Supplementary Table S2).
In addition, RPLI0A was one of top two most stable reference genes in various tissues by all three programs.
However, PGK, one top ranked gene by geNorm and BestKeeper in the sample group of different developmental
stages, was ranked at a medium position in NormFinder (Fig. 4). Similarly, under cold stress condition, expres-
sion of RPS25 was the least stable according to NormFinder, whereas it was the most stable gene by geNorm and
BestKeeper. Increasing evidences have demonstrated that two or three algorithms were widely used to evaluate
expression stability of the reference genes for normalizing mRNA and miRNA expression®**442, Specially, we
also noticed that the unstable reference genes identified by three programs were similar. For example, TUA2,
GAPDH, Rubisco and MDH were expressed unstably in different tissues by all three algorithms. Furthermore, a
web-based tool RefFinder was employed to integrate and generate the comprehensive ranking of the candidate
reference genes based on the geometric mean of the weights of every gene calculating by each program*’. The
result produced by RefFinder provides us the overall ranking order, which has been widely used in the previous
studies on exploring the suitable reference genes in the certain conditions”*!824,

Our study showed that SAMDC was the top ranked gene when all samples were analyzed, since it was rec-
ommended by all three programs as the most stable reference gene (Figs 2, 4, and Table 2). Interestingly, the
integrated ranking order generated by RefFinder suggested that SAMDC was also the optimal reference gene

SCIENTIFICREPORTS| (2018) 8:9311 | DOI:10.1038/s41598-018-27633-5 7



www.nature.com/scientificreports/

in five independent sample sets, including the samples under cold and drought stresses, which was similar with
the result of Brachypodium distachyon plant grown under various stresses conditions**. SAMDC, encoding
S-adenosylmethionine decarboxylase, is a rate-limiting enzyme in the biosynthesis of the polyamines spermi-
dine and spermine**¢. SAMDC expressed ubiquitously in different plant organs in Brachypodium*, and highly
induced under various abiotic stress treatments in rice¥’, indicating it might play essential roles in plant growth
and tolerance response. SAMDC has never been used as internal reference gene for normalization N. cadamba,
and thereby would be considered as a novel reference candidate. However, the superior stability performance of
SAMDC was not found in some species under certain conditions. For example, SAMDC was considered one of
the least stable reference genes in orchardgrass under various abiotic conditions and different tissues of banana®’.
In addition to SAMDC, PGK was also found to be the best stable candidate as reference gene in the leaves at differ-
ent developmental stages in our study. PGK, encoding phosphoglycerate kinase, plays pivotal roles in the glyco-
lytic pathway*®. PGK was found to be one of the superior reference genes for normalization in chrysanthemum of
cross-ploidy levels and in tomato leaves during light stress**’, suggesting that PGK had potential to be a suitable
reference in certain experimental conditions., Likewise, our current study showed that PGK was the most stable
for different stages, which will be a new reference candidate in N. cadamba.

Previous reports have demonstrated that using multiple reference genes rather than a single one for was more
robust and accurate for normalizing QRT-PCR data'*. Accordingly, more and more studies in various species
were tended to apply multiple references®~. In our study, the combination of two reference candidates was suf-
ficient for normalization in the five different experimental sets (Fig. 2). Thus, additional genes were not required
for gene expression normalization. However, it was not always to use multiple reference genes due to the cost, and
also it would be dependent on the variability of the selected reference genes.

The housekeeping genes have long been used as internal control to quantify gene expression for their require-
ment in maintaining the basal cellular functions. They were supposed to be highly conserved and stably expressed
under different experimental conditions and various developmental stages'>**. ACTIN, GAPDH, TUB and EF,
considered as classical housekeeping genes, have been commonly used as reference genes in QRT-PCR analysis
in the model plants, as well as the non-model species®-*%. Unfortunately, increasing studies demonstrated the
housekeeping genes would variably expressed in many species under given experimental sets, which would not
be suitable to serve as reference genes for normalization. ACT and GAPDH, for instance, were not appropri-
ate candidate reference under many experimental conditions in papaya'8, similar with the result of chicory in
seedlings and cell cultures*?. In the present study, three ACT genes were chosen to evaluate their stabilities in
22 samples from N. cadamba. When all samples were tested, ACT7 was ranked at the bottom position while
ACT1I was ranked intermediate position, contrast with the result in samples at different developmental stages
with top-ranked ACT7 and bottom-ranked ACT1 (Table 2). For the separate sample groups, ACT7 and ACT1
ranked among the top three most stable reference genes under different photosynthesis cycle, while ACT7 had
poor performance under drought stress condition. Liu et al.?® have proposed that genes with similar function
might have various performances in expression stability. In our work, the ribosomal protein RPS25 and RPL10A
were considered as the appropriate reference genes when all sample were tested, whereas they performed variably
with top ranking in RPL10A and middle-bottom ranking in RPS25. Another classical housekeeping gene TUA,
encoding one of the major components of microtubules*, had a moderate or least stable level in most of our given
experimental sets, but considered as the most stable candidate in poplar®® and least stable reference in Caragana
korshinskii Kom.®'. These results further confirmed that there is no universal reference gene across all species
under various experimental conditions. Accordingly, stability assessment of the traditional reference genes is
necessary prior to use in qRT-PCR.

To verify the suitability of the reference genes identified in this study, the relative expression levels of NcSUT4
and NcNCED3 under different experimental conditions have been detected. The expression profile of NcSUT4 and
NcNCED3 were normalized by best suitable genes as well as least unstable genes recommended by RefFinder in their
own experimental sets. The results revealed that expression pattern of NeSUT4 and NeNCED3 were obviously over-
or underestimated when using the unstable genes for normalization (Fig. 5), suggesting that selection of appropriate
stable reference genes is critically important for the correct normalization for gRT-PCR data in N. cadamba.

In conclusion, our study presented the systematic evaluation of a set of candidate reference genes as normali-
zation factors in QRT-PCR analysis in the samples under a wide range of experimental conditions in N. cadamba.
Four widely used programs (geNorm, NormFinder, BestKeeper and RefFinder) were applied to estimate the
expression stability of the selected candidate genes. The results of comprehensive ranking order showed that
SAMDC displayed highest stability across the set of all samples, mature leaves at different photosynthetic cycles
and under drought stress, whereas RPL10A had the most stable expression in various tissues. PGK and RPS25
were the most stable in mature leaves at different developmental stages and under cold conditions, respectively.
The expression analysis of NeSUT4 and NcNCED3 emphasized the importance of suitable reference gene to get
accurate and reliable quantitation results by qRT-PCR. For the first time in N. cadamba, our study provided the
optimal reference under different experimental conditions, which would be of great importance in further anal-
ysis of gene expression and facilitate the understanding of underlying mechanisms in the aspects of development
and stress response.

Materials and Methods

Plant materials. Fresh young leaves, mature leaves, phloem, xylem, roots of 4-5 year-old Neolamarckia cad-
amba from South China Agricultural University Yuejin North experimental field were harvested. For samples
of developmental stages, mature leaves were collected on March, June, September and December. For samples
of different photosynthetic cycle, mature leaves were sampled at 7:00, 13:00 and 19:00 on October 28, 2016. For
drought treatment samples, the seedlings after seven days of transplantation from tissue culture were treated
with 0%, 5%, 10%, 20% and 30% concentration of PEG 6000 and the mature leaves were collected. Meanwhile,
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the seedlings were also transferred to 4 °C for chilling stress, and the mature leaves were taken after 0, 3, 6,9 and
12h. Each sample was collected with three biological replicates. Information of all five sample sets mentioned
above is summarized in Supplementary Table S3. Samples were frozen immediately in liquid nitrogen and stored
at —80°C until RNA extraction.

RNA isolation, quality control and cDNA synthesis. Total RNA was extracted from the samples using
OmniPlant RNA Kit (CWBIO) with DNase I treatment to avoid genomic DNA containment. The RNA purity and
integrity were estimated by calculating their A260/280 and A260/A230 absorbance ratios and agarose gel electro-
phoresis analysis. cDNA was synthesized from 0.5 g of total RNA by Hiscript IT Reverse Transcriptase kit (Vazyme)
according to the manufacture’s instruction. The cDNA were diluted 30-fold for subsequent qRT-PCR analysis.

Selection of candidate reference gene and primers design. Fifteen candidate reference genes,
including Actin 1 (ACT1), Actin 7 (ACT?7), Actin 11 (ACT11), Tubulin alpha 2 (TUA2), Tubulin alpha 4
(TUA4), Tubulin alpha 5 (TUA5), Elongation factor 1-alpha (EF-1-a), Ribulose bisphosphate carboxylase
(Rubisco), Ribosomal protein S25 (RPS25), Ribosomal protein L10A (RPL10A), Malate dehydrogenase (MDH),
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), Phosphoglycerate kinase (PGK), S-adenosylmethionine
decarboxylase (SAMDC), F-Box protein (F-BOX) were selected, based on a preliminary in silico evaluation of
gene expression stability using in house RNA-Seq libraries from various tissues of N. cadamba including leaves,
xylem, cambium and phloem (unpublished data). Although gene expression study is common on plant func-
tional genomic research, N. cadamba is still a less studied species. To date, only two studies on gene expression
have been carried out in N. cadamba, and cyclophilin was used as the internal reference for normalization®*.
However, according to the transcriptome data of leaves, xylem, cambium and phloem, the expression of cyclo-
philin varied greatly in these samples (unpublished data). Therefore, cyclophilin was not selected for further
evaluation of expression stability in our study. Due to lacking the genome sequence of N. cadamba, the primers
were designed based on sequences extracted from the released transcriptome data®'. Primers for qRT-PCR were
designed using web-based Primer-BLAST tool in NCBI (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) with
default parameters. Gene ID, primers and the expected length of each gene were indicated in Supplementary
Table S4. All the primers were designed across introns except F-BOX and RPLI0A. To check the specificity of the
primers, general PCR was carried out and the products was verified by electrophoresis on 1% agarose gels.

Quantitative Real-time PCR. qRT-PCR was performed on LightCycler480 (Roche Molecular
Biochemicals, Mannheim, Germany) with optical 96-well plate. 10 uL of the reaction mix containing 5L AceQ
qPCR SYBR GREEN PCR Master Mix, 0.5 pL diluted cDNA template and 0.5 pL each primer were added into
each well. The thermal cycling profile was recommended by the manufacture: 95°C for 10 min, 40 cycles of 95°C
for 155, 60 °C for 30s. To confirm the specificity of the primers, melting curves were included after amplification.
All the samples for qRT-PCR analysis were conducted with three biological replicates each comprising three tech-
nical replicates. To calculate the gene-specific PCR efficiency (E) and correlation coefficient (R?) for each gene,
standard curves were generated using tenfold dilution series from the mixed cDNA.

Analysis of the stabilities of reference genes. Three software tools including geNorm! (version 3.5,
http://medgen.ugent.be/*jvdesomp/genorm/), NormFinder'® (http://www.mdl.dk/publicationsnormfinder.htm)
and BestKeeper? (http://www.gene-quantification.de/bestkeeper.html) were used to evaluate the stability of the
15 selected candidate reference genes across all the experimental sets. Expression levels of the candidate reference
genes were determined by cycle threshold (CT) values. All the procedures of statistical analyses by the above
packages were conducted according to the manufacturer’s instructions.

The geNorm software calculates of gene expression stability value (M), which lower M value suggested higher
gene’s expression stability. Moreover, geNorm also generated a pairwise stability measurement, which can be used
to evaluate the suitable number of reference genes for normalization. NormFinder focuses on finding the two
genes with the least intra- and inter-group expression variation or the most stable reference gene in intra-group
expression variation. The principle of the BestKeeper program is to determine the stability of the reference gene
by using the two parameters to calculate the correlation coeflicient (CV) and the standard coefficient of variation
(SD). Finally, the stability rankings of the reference genes from the three different algorithms were integrated,
generating an overall ranking according to the geometric mean by RefFinder*.

Validation of reference genes. To evaluated the reliability of the reference genes ranked by three
algorithms, we analyzed the expression profiles of two target genes 9-Cis-epoxycarotenoid dioxygenase
3 (NcNCED3), and Sucrose transporter 4 (NcSUT4) under the two most stable and two least stable reference
genes. The expression level of NeNCDE3 was determined under drought and cold treatment with forward
primer TTTCGCGATAACTGAGAACT and reverse primer ACCAAACCTCGAAACTTTGT, while NcSUT4
was quantified in various tissues and at different developmental stages of mature leaves with forward primer
GGCTTTTGTTTTAGGGTTT and reverse primer CTCGAGTCCTCCTGTGATC. The E~24¢T method was
used to calculate the relative expression levels®?.
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Abstract

Neolamarckia cadamba is an economically-important fast-growing tree species in South China
and Southeast Asia. As a prerequisite first step for future gene expression studies, we have
identified and characterized a series of stable reference genes that can be used as controls for
quantitative real time PCR (qRT-PCR) expression analysis in this study. The expression stability
of 15 candidate reference genes in various tissues and mature leaves under different
conditions was evaluated using four different algorithms, i.e., geNorm, NormFinder,
BestKeeper and RefFinder. Our results showed that SAMDC was the most stable of the selected
reference genes across the set of all samples, mature leaves at different photosynthetic cycles
and under drought stress, whereas RPLT0A had the most stable expression in various tissues.

PGK and RPS25 were considered the most suitable reference for mature leaves at different

View all journals

Q Ssearch Log in

Sign up for alerts 1 RSS feed

Download PDF ]

Sections Figures

Abstract
Introduction
Results
Discussion

Materials and Methods

References

Acknowledgements

Author information
Ethigs declarations

Additional information

References

Electronic supplementary material

Rights and permissions
About this article

This article is cited by



~ International Journal of
Molecular Sciences

Article

Genome-Wide Identification and Expression Analysis of WRKY
Gene Family in Neolamarckia cadamba

Zuowei Xu !, Yutong Liu !, Huiting Fang !, Yanqiong Wen !, Ying Wang !, Jianxia Zhang !, Changcao Peng 1-2*

and Jianmei Long 1*

check for
updates

Citation: Xu, Z; Liu, Y.; Fang, H.;
Wen, Y.; Wang, Y.; Zhang, J.; Peng, C.;
Long, J. Genome-Wide Identification
and Expression Analysis of WRKY
Gene Family in Neolamarckia cadamba.
Int. ]. Mol. Sci. 2023, 24, 7537.
https://doi.org/10.3390/
1jms24087537

Academic Editors: Chuanping Yang
and Chenghao Li

Received: 23 March 2023
Revised: 15 April 2023

Accepted: 17 April 2023
Published: 19 April 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Guangdong Key Laboratory for Innovative Development and Utilization of Forest Plant Germplasm,
College of Forestry and Landscape Architecture, South China Agricultural University,

Guangzhou 510642, China; scau-zuowei@stu.scau.edu.cn (Z.X.); lyt991211@stu.scau.edu.cn (Y.L.);
18125965000@163.com (H.E.); wenwen_yq@163.com (Y.W.); wang_scau_wind@163.com (Y.W.);
zhangjianxia@scau.edu.cn (J.Z.)

State Key Laboratory for Conservation and Utilization of Subtropical Agro-Bioresources,

South China Agricultural University, Guangzhou 510642, China

Correspondence: ccpeng@scau.edu.cn (C.P.); longjianmei@scau.edu.cn (J.L.)

Abstract: The WRKY transcription factor family plays important regulatory roles in multiple biologi-
cal processes in higher plants. They have been identified and functionally characterized in a number
of plant species, but very little is known in Neolamarckia cadamba, a “miracle tree’ for its fast growth and
potential medicinal resource in Southeast Asia. In this study, a total of 85 WRKY genes were identified
in the genome of N. cadamba. They were divided into three groups according to their phylogenetic
features, with the support of the characteristics of gene structures and conserved motifs of protein.
The NcWRKY genes were unevenly distributed on 22 chromosomes, and there were two pairs of
segmentally duplicated events. In addition, a number of putative cis-elements were identified in the
promoter regions, of which hormone- and stress-related elements were shared in many NcWRKYzs.
The transcript levels of NcWRKY were analyzed using the RNA-seq data, revealing distinct expression
patterns in various tissues and at different stages of vascular development. Furthermore, 16 and
12 NcWRKY genes were confirmed to respond to various hormone treatments and two different
abiotic stress treatments, respectively. Moreover, the content of cadambine, the active metabolite
used for the various pharmacological activities found in N. cadamba, significantly increased after
Methyl jasmonate treatment. In addition, expression of NcWRKY64/74 was obviously upregulated,
suggesting that they may have a potential function of regulating the biosynthesis of cadambine in
response to MeJA. Taken together, this study provides clues into the regulatory roles of the WRKY
gene family in N. cadamba.

Keywords: WRKY gene; Neolamarckia cadamba; abiotic stress; expression analysis; cadambine

1. Introduction

The WRKY proteins are one of the largest families of transcriptional regulators found
throughout plants [1]. They share the defining feature WRKY domain which comprises
the highly conserved WRKYGQK hepta peptide sequence at the N-terminal followed by a
CyH;- or CHC type of zinc-finger motif at the C-terminal. Both the WRKY domain and
zinc-finger motif are required for the high binding affinity of WRKY transcription factor
(TF) to the W-box cis-elements in the promoter regions of their target genes [2]. The WRKY
proteins can be classified into three main groups (I-1II) based on the number of WRKY
domains and the category of zinc-finger motifs. Proteins with two WRKY domains belong
to Group I, while Group II or III contain one WRKY domain with different zinc-finger
motifs. Specifically, Group III has a zinc-finger structure of Co,HC while Group II has a
zinc-finger structure of C,H; and can be further divided into five subgroups: IIa, IIb, Ilc,
IId, and Ile [3].
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Many WRKY TFs have been experimentally identified from various plant species.
They play vital regulatory roles in plant defense regulatory networks, including response
to various abiotic stresses, which result from an interplay between WRKYs and a variety
of plant hormones [4,5]. For instance, the synergistic interaction between OsWRKY51 and
OsWRKY71 genes inhibited gibberellic acid (GA) signaling in the aleurone cells of rice
seeds under ABA induction in rice [6,7]. Likewise, in Arabidopsis, AtWRKY18/40/60 were
shown to participate in signaling pathways that are mediated by ABA, and AtWRKY60
might be a direct target gene of AtWRKY18 and AtWRKY40 in ABA signaling [8]. Moreover,
PoWRKY13 in Populus tomentosa [9], PheWRKY86 in Moso bamboo [10] and
AtWRKY25/26/39 [11,12] were involved in the response to heat stress and drought stress.
DgWRKY5 in Chrysanthemum indicum [13], GPWRKY1 in cotton [14], and SIWRKYS in
Solanum lycopersicum [15] participated in regulating plant tolerance to salt stress.

WRKY TF also plays an activating or repressing role in the transcriptional regulation of
key enzyme genes in plant secondary metabolites synthesis [4]. OpWRKY2 acted as a direct
positive regulator of camptothecin biosynthesis by binding the central camptothecin path-
way gene OpTDC [16]. Similarly, the total production of camptothecin was significantly
upregulated in most overexpression lines of OpWRKY3 [17]. Overexpression of OpWRKY6
significantly reduced the accumulation of camptothecin. Conversely, camptothecin accu-
mulation increased in OpWRKY6 knockout lines [18]. Agarwood sesquiterpene synthase
1 (ASS1) is one of the key enzymes responsible for the biosynthesis of sesquiterpenes,
and AsWRKY44 directly binds to its promoter and represses ASS1 promoter activity [19].
Likewise, GaWRKY1 and AaWRKY1 activated the expression of key enzyme genes in the
gossypol and artemisinin biosynthesis pathway, respectively, by binding to the W-box
element in their promoter [20,21]; P{WRKY4X in ginseng interacted with the W-box in
the squalene epoxidase (PgSE) promoter and overexpression of PgWRKY4X significantly
upregulated PgSE and increased the accumulation of ginsenoside [22]. Paclitaxel, as a kind
of terpenoid alkaloid, also has important clinical value in the treatment of cancer. Overex-
pression of Tc(WRKYS and TcWRKY47 significantly increased the expression levels of genes
related to paclitaxel biosynthesis [23]. Extracted from Catharanthus roseus, vinblastine is a
monoterpenoid indole alkaloid (MIA) whose synthetic pathway has been fully resolved and
is a natural antitumor drug widely used in cancer therapy. Overexpression of CriWRKY1 in
C. roseus hairy root activated some key genes in the MIA pathway and the transcriptional
repressors (ZCT1, ZCT2, and ZCT3). Interestingly, CrWRKY1 overexpression repressed
the transcriptional activators ORCA2, ORCA3, and CrMYC2, yielding a higher level of
serpentine accumulation [24]. To date, however, the regulation of WRKY in MIA synthesis
is less understood.

Neolamarckia cadamba, from the Rubiaceae family, is widely distributed in tropical and
subtropical regions of the world and is an important tree for the timber industry and tradi-
tional medicinal plants in southern China [25]. Cadambine, a kind of MIA only isolated
from the Rubiaceae family, is the main component of total alkaloids in N. cadamba, account-
ing for about 50% of total alkalis, which has been shown to have clinical effects against
malaria parasites and in the treatment of diabetes, and exhibits concentration-dependent
inhibition on carcinoma cell and DNA topoisomerase [26-28]. With the completion of
whole genome sequencing of N. cadamba [29], it enabled genome-wide identification and
functional analysis of the gene families related to the development process, response to
environmental change, and cadambine synthesis. Several reports suggested that WRKY
participated in the regulation of MIA biosynthesis, but whether they were involved in
cadambine biosynthesis was unknown. In this study, we identified 85 WRKY genes of N.
cadamba at the genome-wide level and analyzed the gene structures, conserved domains,
phylogenetic relationships and cis-element in the promoter of the WRKY genes. In addition,
we performed a comprehensive analysis of spatiotemporal expression patterns of NcWRKY
genes according to RNA-seq data and examined their expression profiles in response to
hormone (MeJA, ABA, and GA) and abiotic stresses (high salinity and drought) by real time
quantitative PCR (RT-qPCR). Moreover, the involvement of the NcWRKY in cadambine
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synthesis was further explored. Our genome-wide results identified all WRKY genes in the
N. cadamba genome and provided valuable clues for further functional study.

2. Results
2.1. Identification of WRKY Genes in Neolamarckia Cadamba

In this study, a total of 85 WRKY gene sequences were identified in N. cadamba
(Supplementary File S1). They were named based on the apparently complete WRKY
domains and their position on the chromosome. Gene characteristics, including the length
of the protein sequence, the protein molecular weight (MW), the isoelectric point (pI), and
the subcellular localization, were analyzed using ExPaSy and Plant-mPLoc. The results
showed that the length of all the identified WRKY proteins in N. cadamba ranged from 174
to 734 amino acids (aa), in which NcWRKY48 was the smallest protein and NcWRKY47 was
the largest one. The molecular weight (MW) of the NcWRKY proteins ranged from 20.0 to
79.3 kDa, with the predicted isoelectric point values (pl) varying from 5.04 (NcWRKY®6)
to 9.69 (NcWRKY61). Subcellular localization prediction indicated that all the NcWRKYs
were localized to nuclear, indicating that they may function as transcription factors.

2.2. Phylogenetic Analysis and Multiple Sequence Alignment of NcWRKY's

To investigate the phylogenetic relationships among WRKY family genes, we con-
structed an ML phylogenetic tree using the WRKY proteins from A. thaliana and N. cadamba.
The result showed that the 85 NcWRKY proteins were classified into three groups (Figure 1),
based on the classification described by a previous report on A. thaliana [3], indicating an
evolutionary conservation between these two species. Group I contained 19 NcWRKY
members, while 10 NcWRKYs belonged to Group III. The largest group (Group II) consists
of 56 NcWRKY proteins, which could be further divided into five subgroups, with 4, 12, 24,
7, and 9 members belonging to Group Ila-Ile, respectively. Multiple sequence alignment
analysis (Figure S1) suggested that members from Group I contained two WRKY domains
and CyHy-type zinc-finger motifs (C-X4-C-Xpp-03-H-X-H), except that NcWRKY23 only
harbored two WRKY domains. All the 56 NcWRKYs from Group II contained one WRKY
domain, of which six harbored mutated WRKY domains (WRKYGKK). All members in
Group III contained the C;HC-type zinc fingers (C-Xy —C-Xp3-H-X-C).

2.3. Gene Structure and Conserved Motif Analysis

The exon-intron organizations of all the identified NcWRKYs were examined by
TBtools. Another ML phylogenetic tree was constructed to align the 85 NcWRKY proteins
(Figure 2a). As shown in Figure 2b, the number of introns in the NcWRKY's ranged from
1 to 6. Six NcWRKY genes from Group Ilc had only one intron, and NcWRKY3 had six
introns. The majority of NceWRKY genes contained two to five introns (37 with two introns,
13 with three introns, 17 with four introns, and 11 with five introns). Interestingly, all
NcWRKYs in Group I contained an intron in their respective WRKY domains, but no introns
existed in the N-terminal WRKY domains (Figure 2b). Genes within the same group were
usually similar in structure, slightly varying in length and distribution, and most genes
had UTR regions. For example, all of Group Ila genes had four introns, and there were
two UTR regions in all of them except for NcWRKY73. Most of Group llc contained one to
three introns, but NceWRKY40 and NcWRKY54 contained four introns and one of them was
located in 3’ UTR.
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Figure 1. Unrooted phylogenetic tree representing relationships among WRKY proteins of N. cadamba

and A. thaliana. A maximum likelihood (ML) phylogenetic tree was constructed with 5000 boot-
strap replicates. The different-colored arcs indicate different groups (or subgroups) of WRKY pro-
teins. WRKY proteins from N. cadamba and A. thaliana were presented with the prefix ‘Nc¢” and
‘At respectively.

To further investigate the similarity and diversity of the motif composition of NcWRKY
proteins, we annotated 10 conserved motifs predicted by MEME. As exhibited, NcWRKY
members in the same subfamily were found to share similar motif profiles (Figure 2c).
Motif 1 and motif 2 were highly conserved and distributed across all members of NcWRKY.
Most members in Group I and Group IIb contained the highest number of motifs (n =7),
whereas three members in Group III (NcWRKY4, NcWRKYS5, and NcWRKY25) only have
two motifs. In addition, we also found that some motifs were specific to different groups.
For example, motif 3 and motif 6 were unique to Group I, whereas motif 9 was specific to
Group Ila and IIb. The distinct motif composition might be contributed to the functional
diversity among NcWRKYs.

2.4. Chromosomal Distribution and Synteny Analysis of NcWRKYs

An analysis of genome chromosomal distribution revealed that 84 NcWRKY's were
unevenly distributed on 22 chromosomes (Figure 3), while NceWRKY 85 could not map to
any chromosome. There was no evidence to show a correlation relationship between the
number of NceWRKYs and the chromosome length. The investigation of gene duplication
events was also performed to obtain insight into the expansion of the NcWRKY family. Four
NcWRKYs (NcWRKY4/5 and NcWRKY24/25) were identified as tandem repeat gene pairs
located on chr01 and chr05. In addition to tandem duplication, the fragment duplication
events of the WRKY gene family were performed (Figure 3). The result showed that 76 seg-
mental duplication events with 62 NcWRKY's were identified. All these results indicated
that the NcWRKY family underwent an expansion in N. cadamba possibly generated by gene
duplication, and the segmental duplication events played a major role as a driving force
for NceWRKYs evolution. To better understand the evolutionary constraints acting on the
NcWRKY family, the Ka/Ks ratios of the NcWRKY gene pairs were calculated. All segmen-
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tal and tandem duplicated NcWRKY gene pairs had Ka/Ks < 1 (Supplementary File S2),
suggesting that the N. cadamba WRKY gene family might have experienced strong purifying
selective pressure during evolution.
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Figure 2. Phylogenetic relationships, gene structure, and architecture of conserved protein motifs in
WRKY genes from N. cadamba. (a) The phylogenetic tree was constructed based on the full-length
sequences of NcWRKY proteins using TBtools. Details of clusters were shown in different colors
as same of Figure 1. (b) Exon-intron structure of NcWRKYs. Yellow boxes indicated untranslated
5'- and 3’ regions, while blue boxes indicated coding sequence (CDS) and black lines represented
introns. The WRKY domains were highlighted by pink boxes and other colors indicate different
conserved domains which are found in CDD. The length of genes was estimated using the scale at the
bottom. (c) The motif composition of NcWRKY proteins. The motifs, numbers 1-10, were displayed
in different-colored boxes.
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Figure 3. Chromosome location and synteny analysis of WRKY genes within N. cadamba genome.
Khaki lines indicated all synteny blocks in the N. cadamba genome, and the red lines indicated
duplicated WRKY gene pairs. The gray boxes indicated the chromosomes of N. cadamba. The blue line
in the boxes represented the gene abundance at that position on the chromosome, and the height of
the line was proportional to the abundance. The outermost circle indicates the chromosomal locations
of WRKY genes in N. cadamba. The genes in red font indicate tandem duplication.

The phylogenetic mechanisms of the N. cadamba WRKY family were further explored
by constructing comparative syntenic maps of N. cadamba associated with four representa-
tive species, including three represented dicots (A. thaliana, Coffea canephora, and Populus
trichocarpa) and one model monocot (O. sativa) (Figure 4). On the whole, 78 NcWRKY's
showed a syntenic relationship with those in P. trichocarpa, followed by C. canephora (74), A.
thaliana (58), and O. sativa (30). The number of orthologous gene pairs between N. cadamba
and the other species (P. trichocarpa, C. canephora, A. thaliana, and O. sativa) was 218, 114,
91, and 45, respectively. More than 90% of the NcWRKY's showed a syntenic relationship
with WRKYs in P. trichocarpa, which is higher than C. canephora (87%), indicating that WRKY
genes in N. cadamba and P. trichocarpa (both as tall arbor) evolved more closely related in
evolution. Specifically, NceWRKY12/38/56 were found to be associated with at least two
syntenic gene pairs between N. cadamba and P. trichocarpa, respectively. NcWRKY16 and
NcWRKY64 were found to be associated with at least two syntenic gene pairs between N.
cadamba and P. trichocarpa/A. thaliana/ O. sativa, speculating that they may have played an
important role in the WRKY gene family during evolution.
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Figure 4. Synteny analysis of WRKY genes between N. cadamba and four representative plant species.
Gray lines in the background indicated all synteny blocks in the genome, while the red lines indicated
the duplication of WRKY gene pairs.

2.5. Analysis of Promoter Cis-Acting Elements

To further understand transcriptional regulation and the potential functions of NcWRKY's
in N. cadamba, the cis-acting elements of NcWRKY promoters were predicted using Plant-
CARE. In addition to the well-characterized site-binding-related elements and promoter-
related elements, three categories of cis-regulatory elements were found to be highly
concentrated in the promoter region of NcWRKYs, including light-responsive, hormone-
responsive, and environmental-stress-related elements. The most abundant elements in
NcWRKYs promoters were hormone-responsive elements, which were represented by
eight types (Figure 5a). Specifically, ABRE elements (response to ABA) were the most
widely distributed and presented in over half of the identified NcWRKYs. Moreover,
several environmental-stress-related cis-acting elements responsible for response to low-
temperature (LTR), drought (MBS), wound (WUN muotif), stress (TC-rich repeats and
ARE), and anerobic (GC motif and ARE) were identified (Figure 5b). Specifically, ARE
element was prevalent and displayed across most of the NcWRKY promoters, implying
that NceWRKY's were responsive to anerobic stress. Taken together, these results suggested
the potential role of NcWRKYs in response to stress and hormone signaling pathways.
Interestingly, some NcWRKYs comprised more than 2 W-box (TTGACC) in their promoters,
such as NeWRKY7, NeWRKY24, NeWRKY31, and NcWRKY61 have four W-box, indicating
that these NcWRKYs have the potential function to regulate plant’s defensive response to
stresses by self-regulating its expression and the cross-talk between different WRKY TFs.
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Figure 5. Prediction of cis-acting elements in promoters of NcWRKYs. (a) The number of five
types of cis-acting elements in each NcWRKY's promoter. (b) The number of different elements in
hormone-responsive and environmental-stress-related elements. (c¢) Visualization of environmental-
stress-related and hormone-responsive elements, W-box and G-box in NcWRKY's promoters.

2.6. Protein Interaction Network of NcWRKY

To elucidate the biological functions and regulatory network of NcWRKY proteins, the
18 homologous WRKY proteins in A. thaliana were used to predict the protein—protein in-
teraction network of NcWRKY proteins. The results of homologous similarity were shown
in Supplementary File S3. The results indicated 11 AtWRKY proteins and 21 corresponding
interacting functional proteins which can be divided into three groups (Figure 6). Most
AtWRKY proteins interact with more than one protein, and eight proteins can interact with
more than two other functional proteins. Some proteins that interact with each other in a
group and only interact with one AtWRKY protein. Group 1 (EGL3, GL3, TT2, TT8, TTG1,
and TTG2) only interact with AtWRKY22 by TT2 and Group 3 (CHLM, CHLI1, PPOP1,
CHLI2, ALB1, and GUNS5) only interact with AtWRKY40 by GUNS. According to the bio-
logical process analysis in the GO database, proteins of Group 1 were related to epidermal
cell fate specification, positive regulation of anthocyanin biosynthetic process, trichome
differentiation, and jasmonic-acid-mediated signaling pathway (Supplementary File S4).
Proteins of Group 3 were related to the chlorophyll biosynthetic process and aromatic
compound biosynthetic process. Proteins of Group 2 were mainly related to MAPK cascade
which responds to abiotic and biotic stresses, such as defense and immune system pro-
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cesses, and responds to osmotic and extreme temperature stresses [30-32]. This group also
included positive regulation of autophagy, cellular heat acclimation, and camalexin biosyn-
thetic process. AtWRKY33 (orthologous with NcWRKY8 and NcWRKY16), an important
TF in abiotic stress [12,33] and phytoalexin biosynthesis [34], played a key role in the whole
protein interaction network, especially in MAPK cascade. AtWRKY22 (orthologous with
NcWRKY19) and AtWRKY25 (orthologous with NcWRKY64 and NcWRKY65) participated
in aging and response to cold, respectively.

(NcWRKY85/NcWRKY1/NcW. 1/NcWRKY44/NcWRKY 84)

1
(Ncmso )

(Nc

9)

(NcWRKY

WRKY 2
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(Nc Y33)
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Y (NcWRKY78/Nc 3/NcWRKY49)
(NcWRKY: RKY64)

Figure 6. Protein—protein interaction network for NeWRKY proteins based on their orthologs in A.
thaliana. The green and blue circles represented the interacting proteins found in String and orthologs
proteins in A. thaliana, respectively. The red name below the blue circle indicates the WRKY protein
orthologous to this protein in N. cadamba. The abbreviated names were the genes of A. thaliana. The
color of the line represents the strength of the interaction, in which a darker line indicated higher
reliability.

2.7. Expression Patterns of NcWRKY's Gene in N. cadamba Tissues by RNA-Seq

The expression patterns of all 85 NcWRKYs in the transcriptome data, which was
derived from different tissues, including bud, young leaves, old leaves, bark, cambium,
phloem, root, and young fruit, were investigated in this study (Figure S2,
Supplementary File S5). The results showed that all 85 NcWRKYs were expressed in
different tissues (FPKM > 0), and they were generally highly expressed in roots and old
leaves. Some of the NcWRKY's were not expressed in the tissues we tested due to special
temporal and spatial expression patterns.
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Since the wood formation is of great significance for perennial trees, we further focused
on the analysis of the expression patterns in different seasonal stages of cambium and
phloem. NceWRKY13/47/56/66/67/81 had high expression in both cambium and phloem in
different seasons in the whole year (Figure 7). NcWRKY12 and NcWRKY38 had a similar
expression mode, with higher expression in cambium but only expressed in phloem of June.
To further explore the expression profiles of NceWRKY in different developmental vascular
tissues, we isolated cambium, phloem, and xylem cells by laser microdissection at three
stages, including primary growth, secondary growth, and the transition stage from primary
to secondary growth, and the RNA-seq was subsequently carried out (data not published).
The results showed that 39 NcWRKYs exhibited different expression levels during diverse
phases of wood formation, suggesting that these NcWRKY genes played distinct roles
during wood formation. For example, five NcWRKY's (NcWRKY38/48/56/59/67) had high
expression in xylem of all three phases of wood formation, of which NeWRKY67 exhibited
the highest expression, suggesting that these genes played important roles in regulating
xylem development. In cambium, NeWRKY56, NeWRKY 67, and NcWRKY58 showed the
higher expression in the transition stage, while NcWRKY 81 had the highest expression in the
stage of secondary growth (Figure 7b). Moreover, some NcWRKY's had high expression in
three different wood development stages, such as NcWRKY38/46/66/56/59/63/67, suggesting
that these genes may participate in the development of stem of N. cadamba. Altogether,
these results indicated that NcWRKY genes evolved diverse biological functions that were
important for wood formation.

2.8. Expression Patterns of NcWRKYs in Response to Different Treatments

To further confirm whether the expression of NcWRKYs was influenced by different
abiotic stresses and hormonal treatments, RT-qPCR was used to examine the expression
patterns of the 16 selected NcWRKYs in different treatments, including ABA, MeJA, GA,
PEG6000, and NaCl. As to various hormone treatments (Figure 8), most of the 16 NcWRKY's
responded to multiple treatments at the transcriptional level. For instance, NcWRKY64 was
induced by all tested treatments, except MeJA treatment. Some genes exhibited the same re-
sponse pattern, such as NcWRKY28/64/78, which was strongly induced by ABA and GA, but
slightly upregulated under MeJA treatment. On the contrary, NcWRKY50 and NcWRKY73
change little in different hormone treatments. In addition, several NcWRKYs were si-
multaneously induced by one treatment. For example, NcWRKY8/19/28/65/67/74/78 were
induced by ABA treatment (the fold change was more than 8), NceWRKY8/16/28/64/65/78
were induced by GAj treatment (fold change > 5), and five NceWRKY16/28/47/66/74 were
induced by MeJA. Conversely, some genes were down-regulated after treatment, such as
the transcript levels of NcWRKY78 were decreased to half of the control by MeJA treatment,
and NcWRKY13 and NcWRKY81 were repressed after ABA and GAj treatments.

For PEG6000 and NaCl treatments, we selected 12 NcWRKY genes for detecting their
expression by RI-qPCR. As shown in Figure 9, most genes were more strongly responsive
in leaves compared to roots, such as NceWRKY16/19/64/65/73. On the contrary, NcWRKY50
had a stronger response intensity in roots. Four of the twelve genes (NcWRKY21/28/65/78)
had little difference in expression between leaves and roots under PEG6000 and NaCl
treatments. Interestingly, NcWRKY$8 only had a comparatively large response intensity in
the roots of NaCl treatment.
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Figure 7. NcWRKYs transcriptional levels at different developmental stages of cambium, phloem,
and xylem and combined analysis by laser capture microdissection (LCM)-RNA-seq. The heatmaps
were created by TBtools based on the transformed data of log2 (FPKM+1) values, and the cluster
analysis was performed on gene expression level by row. (a) Expression of WRKY genes in cambium
and phloem in different months. C and P indicated cambium and phloem, respectively, and suffixes
‘Jan, Mar, Jun, and Nov’ indicate January, March, June, and November, respectively. (b) Expression of
WRKY genes in xylem, cambium, and phloem at the stages of primary growth, secondary growth,
and transitional stages from primary to secondary growth. PX, primary xylem; TX, xylem at the
transitional stage from primary to secondary growth; SX, secondary xylem; TCA, cambium at the tran-
sitional stage from primary to secondary growth; SCA, secondary cambium; PPH, primary phloem;
TPH, phloem at the transitional stage from primary to secondary growth; SPH, secondary phloem.
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Figure 8. Expression profiles of 16 selected NcWRKYs in response to various hormone treatments,
including MeJA, ABA, and GA. NcUPL was used as the endogenous control. Error bars indicated the
standard deviation of three biological replicates, each containing three technical replicates. The same
letters indicate groups that were not significantly different from each other according to Duncan’s
multiple range test, p = 0.05.

2.9. MeJA Promotes Cadambine Biosynthesis and NcWRKY's Expression

MeJ A, as an exogenous hormone, can not only play a defensive role in plants, but also
widely regulate the synthesis of a variety of secondary metabolites. The N. cadamba plants
were treated with 0.1 mM/L and 1 mM/L of MeJA, and the contents of cadambine and
tryptamine, the precursor of cadambine, were tested by UHPLC-MS-MS
(Supplementary File S6). In leaves, the content of tryptamine was obviously elevated at
1 d and reached its highest at 4 d in the 1 mM/L MeJA treatment group. At 7 d after MeJA
treatment, it dropped to the same level as 1 d (Figure 10a). However, the accumulation of
cadambine gradually increased and reached the highest abundance at 7 d. In the stem, the
content of tryptamine was slightly decreased from 1 d to 7 d. On the contrary, cadambine
accumulation was obviously elevated at 4 d and slightly enhanced at 7 d (Figure 10b). As
for the treatment of 0.1 mM/L, the changes of these two metabolites” accumulation were
similar to that of 1 mM/L, but with gentle enhancement in both leaves and the stem.
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Figure 9. Expression profiles of 12 selected NcWRKY genes in response to NaCl and PEG6000
treatments. The leaf and root were collected after NaCl and PEG stress treatments and used for
the detection of NcWRKY's expression. The suffix ‘L” and ‘R’ refers to the leaf and root, respectively.
NcUPL was used as the endogenous control. Error bars indicated the standard deviation of three
biological replicates, with each comprising three technical replicates. The same letters indicate groups
that were not significantly different from each other according to Duncan’s multiple range test,
p =0.05.

As the key intermediate of the cadambine biosynthetic pathway, NcSTR1 catalyzed
the synthesis of strictosidine in N. cadamba [29]. Moreover, MYC is inhibited by JAZ protein,
which leads to the downstream regulatory switch being turned off. When MeJA acted
as an activation signal, JAZ protein would be degraded, and then the MYC transcription
factor in the inhibited state was released, which thereby activates the target gene expression
activity [35,36]. Accordingly, we further detected the expression patterns of NcMYCs,
NcSTR1 (evm. model. Contig 69.90), and NcWRKYs after MeJA treatment by RT-qPCR
(Figure 10c). For the 1 mM/L MeJA treatment group, three NeMYCs” (NcMYC2, 7, and 9)
expression was strongly induced by MeJA, with a peak after 1 d, and gradually decreased
after 4 d and 7 d. The expression of the STR1 gene and two WRKY genes (NcWRKY64 and
NcWRKY74) was similar to NcMYCs, with the same pattern. However, NeMYC2, STR1,
NcARKY64, and NcWRKY74 were induced at later time points (i.e., 4 d) in the 0.1 mM/L
MeJA treatment group, suggesting that a higher concentration of MeJA was essential for
rapid induction of expression of these genes. A control time course of treatment with the
solvent ethyl alcohol showed no effect on the expression of NcARKY64 and NcWRKY74, but
promotes the expression of NeMYC and STR1 genes. More NcWRKY's were upregulated
significantly after treatment with 1 Mm/L MeJA (Figure S3).
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Figure 10. Changes of metabolite content and gene expression after MeJA treatment. (a,b) The
content change of tryptamine and cadambine under MeJA treatment. Quantitative determination
of tryptamine and cadambine was performed by UHPLC-MS-MS. (c) Transcript levels of NeMYCs,
NcSTR1, and NcWRKY64/74 in leaves of N. cadamba seedlings under MeJA treatments. The expression
levels were determined by qRT-PCR. NcMYCs, as a kind of key transcriptional factor of MeJA
signaling pathway, reflect the response of the jasmonic acid signal pathway after treatment. NcSTR1
can catalyze the synthesis of strictosidine in N. cadamba, reflecting whether MeJA treatment affects the
expression of synthesis pathway genes. NcRPL was used as the reference gene. Error bars represented
the standard deviation of three biological replicates. The same letters indicate groups that were not
significantly different from each other according to Duncan’s multiple range test, p = 0.05. Statistically
significant differences compared with the CK (untreated control) at 1 d were determined by t-tests
(*p<0.05, *p <0.01).

3. Discussion

The WRKY family is a large transcription factor family and plays pivotal roles in higher
plants. Identification and characterization of WRKY genes have been performed in many
plants, including the model plants, crops, and medicinal plants, such as Arabidopsis [3],
corn [37], tomato [38], ginseng [39], and poplar [40]. In the present study, a total of 85
NcWRKY genes were identified in the genome of N. cadamba by bioinformatics analysis.
Their features, expression patterns, and putative function were studied in detail.
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3.1. Diverse Characterization of WRKY in N. cadamba

The uneven gene family size of WRKY was found in different plants. A previous
report had indicated that the WRKY members ranged from 59 to 161 among seven species,
of which Z. mays had the most prominent WRKY family members (genome size 2100 Mb),
and a minor WRKY family was found in V. vinifera (genome size 427 Mb) [39]. N. cadamba
had moderate WRKY family members (85), in accordance with the moderate genome
size (744.5 Mb). These results indicated that the number of WRKY family members was
correlated with genome size. However, an exception was found in ginseng, in which
its genome size (2900 Mb) is larger than that of Z. mays, but with fewer WRKY family
members [39]. Interestingly, N. cadamba possesses comparatively a greater number of
WRKY genes compared with many dicotyledonous plants, including Solanum lycopersicum
(81 WRKY genes), A. thaliana (72 WRKY genes), D. carota (67 WRKY genes), Salvia miltiorrhiza
(61 WRKY genes), and C. roseus (47 WRKY genes) [41]. Gene duplication was found to play
a very important role in the expansion of the WRKY gene family. In N. cadamba, a total of
76 segmental duplication events are identified in NcWRKYs, and the genes involved in
segment duplication do not have distinct subgroup distributions, indicating that the WRKY
family has no obvious evolutionary differences in the distribution of N. cadamba. Moreover,
for all pairs, the Ka/Ks ratios are <1, indicating that the WRKY gene family in N. cadamba
has undergone purifying selection rather than positive selection, and indicating that the
NcWRKYs are highly conserved.

The WRKY domain is the key sequence that determines the specific binding of the
WRKY protein to the cis-element W-box. According to previous studies, variations of the
WRKYGQK motif in the WRKY domain might influence normal interactions of WRKY
genes with downstream target genes [42]. The multiple sequence alignment results revealed
that six NcWRKY proteins (NcWRKY30/48/55/57/68/76) in Group Ilc had sequence
variation in their WRKY domain (WRKYGKK), which binds specifically to the WK-box
(TTTTCCAC) in tobacco [43]. According to transcriptome data, these six NcWRKYs had
similar expression patterns, mainly expressed in old leaf, young fruit, and root (Additional
Figure 2). The result indicated that the variation of the WRKY domain in N. cadamba may
not affect its binding function, and the six NcWRKYs may have similar functions. It might
be worth to further investigate whether the mutated domain confers a special function.
The diversification of exon/intron patterns played a vital role in the evolution process of
many gene families. We found that 85 NcWRKY's contained between one and six introns,
consistent with that in pineapple [44], cucumber [45], and populus [46]. NcWRKY proteins
from Group I have two WRKY domains, and no domain loss events were found in other
NcWRKY proteins, which was similar to most of the dicotyledonous plants.

3.2. The Potential Function of NcWRKYs in Vascular Development and Response to Hormone and
Abiotic Stress

Based on transcriptome data, some valuable clues about the functional role of NcWRKYss
which are involved in the specific physiological process in N. cadamba were obtained. For
different developmental stages of cambium, phloem, and xylem, some WRKY genes have
high expression levels, and these genes were highly overlapping, such as NcWRKY12/38/56
specifically expressed in different developmental stages of cambium and phloem. These
genes were orthologous with the MiWRKY12 and PtrWRKY19, which participate in pith sec-
ondary cell wall formation in Miscanthus and P. trichocarpa, respectively [47,48]. Moreover,
in atwrky13 mutants, lignin-synthesis-related genes were repressed, and the number of
sclerenchyma cells, stem diameter, and the number of vascular bundles were reduced [49].
NcWRKY12/38/56 were in the same subgroup as AtWRKY13, suggesting that they might
involve in the stem development of N. cadamba. Accordingly, we inferred that these three
NcWRKYs may participate in vascular development.

A variety of conserved cis-regulatory elements were shown in the promoter region of
NcWRKYs, which were involved in a variety of functions, including hormone and abiotic
stress responses (Figure 5). The response of NcWRKY's to hormone and abiotic stresses
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can provide valuable clues to reveal the potential role of WRKY genes in N. cadamba. In
this study, 16 NcWRKYs chosen from different groups were subjected to hormones, salt,
and drought stress treatments profiled by means of RT-qPCR. The result shows that all of
NcWRKYs can be induced by at least two hormones, implying that a single WRKY gene
can be regulated by various hormones, similar to that in Arabidopsis, AfWRKY18/40/60
were shown to participate in signaling pathways that were mediated by plant hormones
SA, JA, and ABA [8], and Group III members of CsWRKYs in Cymbidium sinense were
strongly induced in response to various hormone treatments [50]. Previous studies have
revealed that WRKYs are important regulators in linking hormone signaling in response
to environmental stresses [51,52]. FcEWRKY40 from Fortunella crassifolia was involved in
ABA signaling pathways and positively regulated salt tolerance by directly binding to and
activating the promoters of FcSOS2 and FcP5CS1. The transcriptions of NcWRKY$8/16/64/65
were promoted simultaneously by ABA and drought stress. In addition, several stress-
related transcriptional regulatory elements, including an ABA-responsive element and
MYB binding site involved in drought responses, were found in these NcWRKYs. These
results suggested that these NcWRKYs may regulate drought responses through ABA-
dependent signaling pathways, but this remains to be elucidated in further study. Moreover,
these NcWRKYs have a phylogenetically closest relationship with AtWRKY33, a typical
ABA and drought-responsive WRKY gene in A. thaliana [53,54], supporting that they play
important roles in ABA signaling pathway and response to drought stress.

3.3. The Involvement of NcWRKYs in Cadambine Biosynthesis

Jasmonic acid (JA) is an important elicitor in plant secondary metabolism at the
transcriptional level by altering the expression of a set of biosynthesis genes [55,56]. It has
been shown that methyl-jasmonate (MeJA) induced the expression of the terpenoid indole
alkaloid (TIA) biosynthesis genes, including the strictosidine synthase (STR) gene [55],
resulting in promoting TIA metabolism in Catharanthus roseus [57]. In this study, cadambine
and the key intermediate product tryptamine were both induced under MeJA treatment,
suggesting that MeJA acted as an elicitor in cadambine biosynthesis. Our results facilitated
that MeJA plays a significant role in plant metabolism. In addition, the MYC gene family is
a kind of key TF in the MeJ A signal pathway [58]. The expression levels of NeMYCs were
highly induced after MeJA treatment (Figure 10c), indicating that the MeJA signal pathway
was activated in N. cadamba seedlings.

Studies have indicated that WRKY proteins participated in transcriptional regulating
biosynthesis of secondary metabolites, including alkaloids [24], volatile terpenes [59], and
anthocyanin [60]. It has been reported that several WRKY proteins may regulate secondary
metabolism biosynthesis in response to JA elicitation. In cotton, GaWRKY1 was strongly
induced by MeJA and participated in the regulation of sesquiterpene phytoalexin biosyn-
thesis by transactivating the promoter of the (1)-6-cadinene synthase (CAD1) gene [20].
The expression pattern of NceWRKY64 and NcWRKY74 was consistent with that of NeMYCs
and NcSTR1, which were upregulated after MeJA treatment. In addition, there were
two WRKY TF binding site W-box (TTGACC) within 2000 bp upstream of the NcSTR1
promoter (Figure S4). We proposed that NcWRKY64 /74 has the potential function of posi-
tively regulating the biosynthesis of cadambine by activating NcSTR1 in response to MeJA.
The interaction between NcWRKY64 /74 and NcSTR1 remained to be investigated in the
future study.

Furthermore, AtWRKY33, OpWRKY6, CrWRKY1, and TceWRKYs were involved in the
regulation of camalexin (Indole alkaloids), camptothecin (Quinoline alkaloid), vinblastine
(Indole alkaloids), and taxol (Diterpene alkaloids) biosynthesis, respectively [18,23,24,61,62].
AtWRKY33 and NcWRKY64, OpWRKY6 and NcWRKY74 were close to each other in the
phylogenetic tree (Figure S5), and they have the same WRKY domain (WRKYGQK) and
zinc-finger motif (C-Hy-X53-H-X-H) (Figure 56). Therefore, according to the high homology
between AtWRKY33, NcWRKY64, and NcWRKY74, we inferred that NcWRKY64 and
NcWRKY74 were essential for MeJA-responsive TIA accumulation in N. cadambia. No
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MeJA-responsive cis-acting element was found in the NcWRKY74 promoter, suggesting
that the expression of NceWRKY74 was induced by MeJA in an indirect manner. Further
functional characterization of NceWRKY 64 and NcWRKY74 by overexpression or knockout
of these NcWRKY genes may help to elucidate their function in TIA biosynthesis, which will
provide crucial information for understanding the MeJA-WRKY-STR regulatory module in
the cadambine biosynthesis.

4. Materials and Methods
4.1. Data Sources

All raw and processed sequencing data used in this study were derived from the
previous research of our research group and can acquire in the NCBI BioProject database
under accession number PRJNA650253. The raw sequencing data of the resequencing data
and transcriptome were downloaded from the NCBI BioSample database under accession
numbers SAMN15700860 and SAMN15700859, respectively. The genome annotation and
assembled genome sequences were from the Figshare website (https:/ /Figshare.com/s/
ed20e0e82a4e7474396b) [29]. The AtWRKY protein sequences were downloaded from the
A. thaliana Information Resource website (https:/ /www.arabidopsis.org/index.jsp).

4.2. Identification of WRKY Genes in N. cadamba

To identify all candidate WRKY genes in N. cadamba, a BLASTP search with a threshold
e-value of 1 x 1075 was performed using A. thaliana WRKY protein sequences as query
sequences. The hidden Markov model (HMM) file corresponding to the WRKY domain
(PF03106) was downloaded from the Pfam database (ftp://ftp.ebi.ac.uk/pub/databases/
Pfam/current_release/Pfam-A.hmm.gz). The Simple HMM Search program of TBtools [63]
was used to search all the potential WRKY-domain-containing protein sequences in the N.
cadamba genome. The unique potential WRKY proteins of N. cadamba based on the results of
BLASTP and Simple HMM Search were further validated using the SMART (http:/ /smart.
embl.de/smart/batch.pl) and conserved domain database from NCBI (https://www.ncbi.
nlm.nih.gov/cdd/) to determine that they indeed contained the core domain sequences.
Eighty-five NceWRKY proteins in N. cadamba were finally obtained. The online tools from
ExPASy (https:/ /web.expasy.org/protparam/) were used to analyze the amino acid number,
isoelectric point (pI), and MW of NcWRKY proteins. Subcellular localizations were predicted
by the Plant-mPLoc website. (http://www.csbio.sjtu.edu.cn/bioinf/plant-multi/).

4.3. Phylogenetic Analysis of WRKY Family Members and Sequence Alignment

A phylogenetic tree with 72 AtWRKY protein sequences and the identified NcWRKY
proteins sequences was constructed by One Step Bulid, an ML Tree program from TBtools [63]
with default parameters, followed by visualization and optimization in iTOL [64]. The
WRKY family members from A. thaliana were used as a reference for the classification of the
WRKY family members in N. cadamba. All WRKY domain sequences of candidate NcWRKY
proteins were aligned using DNAMAN software.

4.4. Analysis of Conserved Motifs, Conserved Domains, and Gene Structures

The conserved motifs of the NcWRKY proteins were analyzed using Simple MEME
Wrapper from TBtools [63] with the following parameters: Num of Motifs was 10, Min Motif
Width was 6, Max Motif Width was 50, and Max E-value was 10. The conserved domains
of NcWRKY proteins were searched by CDD (https:/ /www.ncbi.nlm.nih.gov/cdd/). The
conserved motifs, conserved domains, and gene structures which were obtained from the
gene structure annotation file were visualized by TBtools.

4.5. Promoter Cis-Regulatory Element Analysis and Chromosomal Localization

The 2000 bp gene sequence upstream of the initiation codon (ATG) of NcWRKYs
was considered as the gene promoter sequence and deprived of the N. cadamba genome
by TBtools [63]. Cis-acting elements in the promoter region were analyzed using the
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online software PlantCARE [65] and subsequently visualized using TBtools [63]. Location
Visualize from GTF/GFF of TBtools was used to determine the chromosomal position of
the identified NcWRKYs.

4.6. Colinear Analysis and Selective Pressure

To identify the pattern of gene duplication, One Step MCScanX from TBtools [63]
with default parameters (E-value cut-off <1 x 10710 and Num of BlastHits with 5) was
used to analyze WRKY genes in N. cadamba vs. itself and N. cadamba vs. A. thaliana/Coffea
canephora/ Populus trichocarpa/rice, respectively. The results were visualized using TBtools.
To assess the selection pressure of genes encoding WRKY proteins, the ratio of nonsyn-
onymous (Ka)/synonymous (Ks) (Ka/Ks is an indicator of selective pressure) was used to
evaluate its evolutionary pressure. The values of Ka, Ks, and Ka/Ks were calculated by
Simple KaKs Calculator in TBtools [63].

4.7. Homology Analyses and Protein Interaction Network Analysis

In order to obtain the orthologous gene pairs and paralogous gene pairs, all the indi-
vidual NcWRKYs protein sequences were compared against AtWRKY protein sequences
using BLASTP (https:/ /blast.ncbi.nlm.nih.gov/Blast.cgi) with the following settings: Total
Score >200, Query Cover >than 60%, E-value cut-off <1 X 10719 and Identity >45%. Using
homolog A. thaliana WRKYs as a template, the WRKY protein interaction network of N.
cadamba was analyzed using STRING (https://string-db.org/) with a threshold required
score >0.4. The interaction network was further visualized and analyzed using the software
Cytoscape 3.9.1.

4.8. Plant Material and Stress Treatments

For salinity and drought treatments, 7-week-old clonal plants of N. cadamba with
uniform height were transferred into MS liquid medium supplied with 100 mM/L NaCl
and 10% PEG6000 solution, respectively. The leaves and roots were collected at 8 h. For
phytohormone analysis, the seedlings that were transplanted outdoors and grow up to
60 cm after 3 months were respectively sprayed 10 mg/L ABA, GA3, and MeJA 50 mL.
Then wrap the leaves in fresh-keeping bags. The young leaves were collected 2 d after
treatments. All the collected samples were immediately frozen in liquid nitrogen and stored
at —80 °C for subsequent analysis.

The 4-month-old N. cadamba plants (about 100 cm in height) were sprayed with
different MeJA concentrations (0.1 and 1 mM/L) that were mixed with pure water. The
mother liquor is 1 mM/mL, which is prepared from MeJA stock solution and absolute
ethanol. At about 8:30 every morning, the MeJA was sprayed on the leaf’s front and back
surface till dripping for 7 consecutive days. The roots, stems, and leaves of the plants were
sampled and stored at —80 °C on the first (1 d), the fourth (4 d), and the seventh (7 d) days
after spraying was stopped. Each sample contained three biological replicates.

4.9. Expression Patterns of NcWRKY's

The transcriptome sequencing data of young leaves, old leaves, bud, bark, phloem,
cambium, young fruit, and root from 5-year-old N. cadamba were collected for RNA ex-
traction for RNA-seq in our previous study [29]. The vascular cells, including cambium,
phloem, and xylem cells, at three developmental stages (primary growth, secondary growth,
and the transition from primary to secondary growth) were captured by laser microdis-
section and used for subsequent RNA-seq [66]. The transcript abundance of N. cadamba
WRKY genes was calculated as fragments per kilobase of exon model per million mapped
reads (FPKM). The HeatMap program in TBtools was used to visualize the expression
of the target gene obtained from the transcriptome. The HeatMap program in TBtools
was used to visualize the expression of the target gene obtained from the transcriptome.
Total RNA was isolated from each sample using the E.Z.N.A®Plant RNA Kit (Omega,
GA, USA). RNA integrity was evaluated by 1% (v/v) agarose gel electrophoresis, and
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RNA purity was quantified using an IMPLEN NanoPhotometer. Total RNA was used to
synthesize cDNA by using HiScript III RT SuperMix for gPCR (+gDNA wiper) (Vazyme,
Nanjing, China). The quantitative RT-qPCR was carried out with the Roche Lightcyler®
480 instrument using SYBR Green chemistry. The housekeeping UPL and RPL genes were
used as an internal control of different treatments and MeJA treatment with different
concentrations, respectively [67,68]. The RT-qPCR program was set as follows: 95 °C for
30 s, followed by 40 cycles of 95 °C/10's, 60 °C/30 s, and the fluorescence signal was then
read. Subsequently, the procedure was conducted as follows: 95 °C for 15 s, 60 °C for 60 s,
and warming up to 95 °C then 50 °C for 30 s; after the fluorescence signal was read, the
dissolution curve was analyzed. There were three biological replicates for each sample,
and each biological replicate had three technical repetitions. Sequences of the primers
used in this study were shown in detail in Supplementary File S7. The data obtained were
visualized using SigmaPlot.

4.10. Extraction and Quantitative Determination of Tryptamine and Cadambine

The samples were ground at —80 °C using liquid nitrogen. We weighed 0.12 g of
sample and added 5 mL of 70% ethanol, and the mixture was held overnight at —20 °C,
followed by ultrasonic crushing for 30 min, vibrating every 5 min. After ultrasonic crushing,
and centrifugation at 4 °C for 10 min at 7000 rpm, samples were filtered through 0.22 pm
membrane filters before liquid chromatography-mass spectrometry (LC-MS) analysis.

Samples were analyzed by reversed-phase chromatography on an Agilent 1290 HPLC,
using a 3.0 x 50 mm ECLIPS PLUS C18 column. Water with 0.1% formic acid (A) and
methanol (B) was used as the mobile phase component at a flow rate of 0.3 mL/min with
the following gradient: 0-3 min, 50% B; 3-6 min, 90% B; 5-6 min, 90% B; 6-10 min, 10% B.
A coupled Agilent 6470 MS-QQQ mass spectrometer with ESI and Agilent Jet Stream was
used to collect MS data in positive ion mode (parameters: Gas: 300 °C, 8 L/min; Nebulizer:
45 psi; Sheath Gas: 350 °C, 10 L/min; Capillary: 4000 V; VCharging: 1000). Scan type
was MRM.

4.11. Statistical Analysis

Data from three biological and three technical replicates were used for statistical
analysis. All data were indicated by an average of three biological replicate measurements
and standard deviation. As for RT-qPCR, the relative gene expression levels were analyzed
using the 2744Ct method. Significance was determined by pairwise comparison using
t-tests or multiple comparison using Duncan’s multiple range test in SPSS software 26
(p =0.05).

5. Conclusions

Overall, a total of 85 WRKY genes were identified from N. cadamba and divided into
seven subfamilies according to their phylogenetic relationships, and members of the same
subfamily had similar gene structures and conserved motifs and domains. The analyses of
expression patterns based on RNA-seq data revealed their probable functions in different
tissues and vascular development. In addition, the detection of remarkable expression
profiles of NcWRKYs under hormones and abiotic stresses will provide clues for exploring
the signaling pathways in N. cadambia in response to hormone and abiotic stresses. It is
worth noting that MeJA promoted cadambine accumulation and induced the expression of
the key intermediate gene STR1, NcWRKY64, and NcWRKY74, implying the MeJ A-WRKY-
STR regulatory module in the cadambine biosynthesis. This study suggests a basis for
further functional research of the regulatory mechanism of NcWRKYs in hormone and stress
responses and provides promising candidate genes for regulating cadambine synthesis in
N. cadamba.
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Abstract

The WRKY transcription factor family plays important regulatory roles in multiple biological processes in higher
plants. They have been identified and functionally characterized in a number of plant species, but very little is known
in Neolamarckiz cadamba, a ‘miracle tree’ for its fast growth and potential medicinal resource in Southeast Asia_ In
this study, a total of 85 WRKY genes were identified in the genome of M. cadamba. They were divided into three
groups according ta their phylogenetic features, with the support of the characteristics of gene structures and
conserved motifs of protein. The NeWRKY genes were unevenly distributed on 22 chromosomes, and there were two
pairs of segmentally duplicated events. In addition, a number of putative cis-elements were identified in the promoter
regions, of which hormone- and stress-related elements were shared in many NeWRKYs. The transcript levels of
NeWRKY were analyzed using the RNA-seq data, revealing distinct expression patterns in various tissues and at
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Expression and Functional Analysis of the Sucrose Transporter
NcSUT4 and NcSUT5 in Neolamarckia cadamba
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Guangdong Key Laboratory for Innovative Development and Utilization of Forest Plant Germplasm, College of Forestry and
Landscape Architecture, South China Agricultural University, Guangzhou, 510642

* Corresponding author, longjianmei@scau.edu.cn

Abstract Sucrose transporter (SUT) mediates the long-distance transport of sucrose, which is the major form of
photosynthetic products. It plays important roles in plant growth and development and stress response.
Neolamarckia cadamba is an important fast-growing timber tree in South China, and study on the sequence
characteristics, expression patterns and sucrose transport activity of SUTs from Neolamarckia cadamba would lay
foundation for revealing their biological function. In this study, two sucrose transporter genes NcSUT4 and NcSUT5
of Neolamarckia cadamba were successfully cloned. The characteristics and phylogenetic evolution of the proteins
encoded by these two genes were analyzed through bioinformatic method. Expression pattern of NcSUT4 and
NcSUT5 was detected by RNA-Seq and quantitative real-time PCR. The sucrose transport activity of NcSUT4 and
NcSUT5 was verified using yeast functional complementation assay. The results showed that the CDS of NcSUT4
and NcSUT5 genes were 1 515 bp and 1 518 bp, respectively, encoding 514 and 515 amino acids, respectively. They
both contained 12 transmembrane domains and localized to the plasma membrane. Phylogenetic analysis indicated
that both NcSUT4 and NcSUTS5 belong to the SUT4 clade. Their transcripts were highly expressed in bark, cambium
and phloem and were induced by exogenous sucrose. Yeast functional complementation experiments demonstrated
that NcSUT4 and NcSUTS5 were able to transport sucrose. Our study laid an important foundation for elucidating
the functions of NcSUT4 and NcSUTS5 in vascular development in Neolamarckia cadamba.
Keywords Neolamarckia cadamba; Sucrose transporter; Expression analysis; Functional analysis

REHEE S R A B MRS B DS /E R R e £ & iz e a0, e E KR B iRt &
MER: [FIRAENE S 7072 5 A RKART A g 5 b0 i b (Hackel et al., 2005) . 8 (PR 2 iz 32 22
A ILFUARIRAR BT AMAIRAT, e it AMACIR ATy JREE 40 1o S T I A 2 ) B R O AR S ik rh iR,
T S i 75 A TR S W] ) RERE s # A b B, BV 4% 32 55 1 (sucrose transporter, SUT B
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AN SUT 73 SRR AR I AN A D e, B A E AL 3 VAR SC o SUTL 73 SR G 7 A T4 i Jo JsE
Hh BT AR TR 2 2 9 S K R S 4 3] 4 £ 41 i HH (K thin and Grrof, 2010; Geiger, 2011). SUTL 43
SRR AER A FR B AR B R R E EEAE A, 4R AE0 K B AT 4E48 (Sivitz et al., 2008;

1



Iftikhar et al., 2020). K2 % SUT2 i it fr T AT B, Sl p A 78 A RE B A% Sk #45 (Barker et al., 2000),
(B S FUUE S SUT2 B VR N BERERL I 88 A 2 5P 3 (Meyer et al., 2004). [FR, A /b& SUT2
B, 403 $ (Malus domestica) MdSUT2.2 JE i RV IE H, ok 83048 S 800 e F = 1 n(Maetal.,
2019). SUT4 73 SRS E A THE AR, &AI12 5 REHE DOBOEIR H 340 1 57 (K thn and Grof, 2010). #147
BBt SUTA 5 A 1138 it (Solanum lycopersicum) SISUT4 Al 5544 2 (Solanum tuberosum) StSUT4 & fi7. -4
MO, B DT REAE A IS AR T, R A T AR EEE [9] R 55 I #2 (Chincinska et al., 2007; Liang et al.,
2023a). SUT4 473 3R i W 8 A R T AR Dhae,  HIHEARIE R AG YA Re 5Pk, Rk, X SUT4
F 3 R TR 0 b L D e B B L

SUT4 73 3C 1) ik DR 7 A8 4 () A K R B RR T 858 e 2 wh R 4 55 224 . K & (Glycine max) H1 B & ik
GmSUT4.2 ik e WE B B R AR A K I HR = BERE RS RE 77, GmSUTA.2 K IA (140 e 77 322 e i A 43 1
%, T CRISPR/Cas9 J:[H %4k ) GmSUT4.2 KRG F 38/, SFERE = EMAYERFL, W GmSUT4.2
TERE AR G FI= B T R d h k 45 545 G E (W et al, 2024). #&t SISUT4 257 1 1#% (Liang et
al., 2023a), [F] i 520 1 AR 5% T 5 38 [ R S (Liang et al., 2023b); 3¢ % MdSUT4.1 F1%L(Pyrus bretschneideri)
PbSUT2 {3k 5 s i R 22 (Wang et al., 2016; Peng et al., 2020); i 44 2 StSUT4 FikiF FHERTIT
A6~ B ER 2 RN P ARC6T S8R 19 S B (1 SRS M (Chincinska et al., 2007) . 8055 7 (Arabidopsis thaliana) AtSUC4
JH L BV R (abscisic acid, ABA)I& 122 53EE W) 5 A ¥ (Gong et al., 2014), [FIN =5 @i S HRE
K (Liuetal., 2022). FEMRARFEYIT, RNAI #1H] PtaSUTA 1% 3K ##4 (Populus tremula X Populus alba)#
I H 2R A R LRG0 R e R 2R e R B 0 n DA KR TN e AR T 2532 (Payyavula et al., 2011), [A] B
PtaSUT4 Z 5 [ BEMRAE D B K 73 9 2« 67K 43 i 1) e B2 A & A F (Frost et al., 2012). #8 &Rk
PagSUT4 (4% 3L K #7784 (Populus alba X Populus glandulosa) Yt &-F F 155, A5 1) 96 EE R n, 123k 7 #
IR KRR, 2016). HHEETT WL, SUT4 5ARM KB HVIMIC, FEARM gL o B o BAA W 0 S H A
i, HEHT SUT Z5KMIESRRER D, 55—

342K (Neolamarckia cadamba) s J& #6 FL R AL IR, W akm RTrA, & B AL R X E 2 2 AR
By R AE KRR TR AR “ A7 (/SR 2012) sEAM B RIEE, G /ER, Rets
52 KR RS E =Y S R AE KR CAEWACRE, TR W) R 5@ 42 s g 1R 4 4t
LR AN N, S 2R A0 5 AT 4T 4 B S 2 RV D% 22 (van Bel, 1990), L REE Ik (6 i bl %
BERAMRAMAR R TERIZIE R Rk, FERERE 2 8 0 S 2R B I8 A PRI B B it F2 H ] g Ay B 2
YEF o AT 9025 T B R AR i S 2 500, adst (AR 41032 BT SRAS SRR SUT4 43 SE AN Bt NeSUT4 Al
NCcSUTS, it HEZERR 7 S AT A, FEx H IR DR IR 20 FEWE 342 V% 1A R0 V. 48 P 5 67 55 777 TR EAT ER AT
Ft, NI NcSUT4 Al NcSUTS [ 24E 427 Th g 24 52 2L
1R 50
1.1 FEAR NcSUT4 Al NcSUTS 2 R i 7 [

FRHE KA NcSUT4 F NeSUTS J: R e 41 ¥t e w5140, DLETRRRI i A& 48 A 2K TR & cDNA
MR, AT PCR 331 o 2235 IR W Bt I FEL K B (] 1), 29 Sl 3RA59 T BA 2 1) 2%, 22007 3899 3 2K NeSUT4
A NcSUT5 A5 ORF F41M5 ., K/ 524 1515 bp A1 1518 bp, 5541 53 R4 225 51— 8, il
A X R S B ] L Ry e o

P 1 #K NcSUT4 A1 NeSUTS 2[4l () PCR 1
#: M: DL 2000 bp DNA Marker; 1 A 2: NcSUT4 3£ [ [] PCR 724; 3 #1 4: NcSUTS5 3£ A ] PCR =4
2



Figure 1 PCR amplification product of NcSUT4 and NcSUT5 in Neolamarckia cadamba
Note: M: DL 2000 bp DNA Marker; 1 and 2: PCR amplification product of NcSUT4; 3 and 4: PCR amplification product of NcSUT5

1.2 NcSUT4 F1 NcSUT5 Z& H B Ab 14 5k 1 45 38 43

PFLHER NeSUT4 Hi1 NeSUTS R 4 i i) 2 F5 IR 17 41 BRAG I 51 73 A 45 R WY, NeSUT4 5 NeSUTS 4
PR 73 729 504, 505 aa, HEN NcSUT4 A1 NcSUTS 2[R 4 it ) 2 (2 &0 i A 55 210 Da #1 55 257
Da; BEAE25 55050 9.31 A1 9.16, MBI A (1 (FLIS S5 L >7) . ANEaE R0 71N 42.05 fi 41.67, fig
Jii 2505 8 109.88. 112.39, PN I 2 A 1P 3K F8 000 7 0.49 F1 0.47, HIPABUKE . B
SEFIE TR S5 R 7R NeSUT4 Al NeSUTS &4 12 4> TMH B2 0E, P A iE#EE 1 AN KIsEK i
JRIR, HXHEAEAERKR . ERAEXEE 6 NMEsgify, H Nl C imirE g (i 2), 4 SUT
FRE AW GERFHE, S8R SUT & A 425 —2

2 BRI NeSUT4 AT NcSUTS 5 15 455 4y 455 16 T30

1 Ar NCSUT4 5 B 25 M I TR ; B: NCSUTS 175 5 45 14 38 T

Figure 2 Prediction of transmembrane structure of NcSUT4 and NcSUT5 in Neolamarckia cadamba

Note: A: Prediction of transmembrane structure of NcSUT4; B: Prediction of transmembrane structure of NcSUT5

i NCBI 35 | [f) CD-search 4> T 42 A NcSUT4 Fil NcSUTS AL, RILXW AN EAH AL
B ) GPH 25 #y38( 3A), 8] NcSUT4 Al NcSUTS J& T SUT Fg ik it « FI ] MEME F2£5 20t NeSUT4.
NcSUTS FIHAR) A SUT4A A% 51 1 motif, 5 EIR, XL SUT4 EEEIIS AR 10 4> motif, I Hixik
motif HEFF ALK 3B), 16 H1iX L SUT4 4337 Bl 53 1) motif 7 B AR5 .



3 NcSUT4 il NcSUTS5 & (4544 43 Hr

A RAFR TS0 B: A REF(motif) 04T At BUFIY; Pta: B0 SI: 3, St DA E

Figure 3 Protein structure of NcSUT4 and NcSUT5

7E: A: conserved domain of NcSUT4 and NcSUT5; B: motif of NcSUT4 and NcSUT5 and other SUT4 from different species; At:

Arabidopsis thaliana; Pta: Populus tremulaxPopulus alba; SI: Solanum lycopersicum; St: Solanum tuberosum

1.3 NcSUT4 F1 NcSUTS ZE H RIVEHEM RSBtk
# NcSUT4 5 NcSUTS gmfid 25 H IR IEIR 7 71 117 EL st (B 4). d8id BioAider B/, iHHE 15 &R
6] —MEAE A 97.63, UiHH A NcSUT4 FI NcSUTS 4544 5 %1 i B AR AL

4 NcSUT4 1 NcSUT5 & (4 41 et
Figure 4 Protein alignment between NcSUT4 and NcSUT5



I HEAL 2 BT 2 BT BT K24 80.4 mya (million years ago, 1 3 4ERT) M Al (Solanaceae) 74k k. Ty
BE— P E R NeSUT4 Al NcSUTS 5 HARME M) EE R 158 &, K NeSUT4 F1 NeSUTS 5B MR
b7 7 (Solanum lycopersicum) 1 %44 2 (Solanum tuberosum), DL A A sAE Y3 ES TF RG2S 4 ANPFh SUT
QAT HIHAT NI VERG R LM 5), BTl SUT 7148 3 A2, 433l SUTL. SUT2 F1 SUT4,
o NcSUT4 #i NeSUTS )& T SUT4A 43 3583, IF B 5 & A 4458 SUTA SRS R, DL EG5RH
IR T AR S AHEY R A BIERSRE R R

5 B K NecSUT4, NcSUTS 5L Al SUT & 11 ° 41 ) SR Se kAL i

AL UEETE; Pta: MM S B St A E

Figure 5 Phylogenetic tree of NcSUT4, NcSUTS5 and other SUTs from four species.

Note: At: Arabidopsis thaliana; Pta: Populus tremulaxPopulus alba; SI: Solanum lycopersicum; St: Solanum tuberosum.

1.4 NcSUT4 F1 NcSUTS5 & [ f IE 48 ffd & AL

A E B GER NeSUT4 Al NcSUTS & [ 140 g e S 00, #4)%8 pANS80-NcSUT4/NcSUTS-GFP fili &
w ARk, DLYHMIE E 67 marker AtPIP2-mCherry 1EJRHIENTIE, i AIUFS TR A ik . 45 5%
B, D5 A O 1 A S I 52 B B B R 4 (5 5, SR EX IR L0 (e B & (K1 6), $6W] NcSUT4
1 NcSUT5 & A ¥ e e o o



&l 6 NcSUT4 F1 NcSUTS & [ 11 . 400 ffd 7 B 53 #7

VE: 4ABRSEE ALK marker AtPIP2-mCherry 1EFATEXSIE; GFP: 407568 1 mCherry: £0{0 7568 ; Bright field: Bi7%;
Merge: &N

Figure 6 Subcellular localization of NcSUT4 and NcSUT5

Note: The plasma membrane marker of AtPIP2-mCherry was used as positive control; GFP: Green fluorescent protein; mCherry: Red
fluorescent protein.

1.5 NcSUT4 I NcSUTS Rk

97t NeSUT4 H NeSUTS FEB AR K K B HIIER, FE T REARAFRHLS KAFK B B A4 E H
ZIZH A RNA-Seq £#5, % NcSUT4 F1 NeSUTS Jk R R IA AT 70 i, 13 B HREHE(E 7). R ER,
NcSUT4 1 NcSUTS 7EAN A ZH 2R (1 R IA A LU AL, SONFER K TERUZ S0 2L Rk, 722
g TR RIRBAK (B 7TA). NcSUT4 7EIAEH) &R (primary phloem, PPH) AR A= JE % /2 (secondary cambium,
SCA)K L 2%, 1M NcSUTS 7E SCA Kikfwm, H NI4T K i (secondary phloem, SPH). {E45iE &
#&, NcSUT4 7E PPH. %% 30t #f¥49) )i 340 (transitional stage of phloem, TPH). #% i 1) A< 5 3 (transitional
stage of xylem, TX)=m &, {H NcSUT5 #IAHx, 7EiX 3 MHLIH 2 RFRIEB (K 7B).

7 NcSUT4 il NcSUTS 1E 2 JE A AN ] 4 LRI 415 4 I AS [F) & & I AR IK 29 Bt

TE AL AFRAL; B AR FIR BN PPH: WIZEWIR, TPH: BEeb Bl B2 i, SPH: RAEWIRE; TCA: Hefbir B
TERUR; SCA: RETEMUZ, PX: HIAEARBHS, TX: Fefe b BORBAR, SX: RAEAR

Figure 7 Expression analysis of NcSUT4 and NcSUTS5 in different tissues and developmental stages of vascular cells in Neolamarckia
cadamba

Note: A: Different tissues; B: Different developmental stages of vascular cells; A: different tissues; B: different developmental stages
of vascular cells. PPH: primary phloem; TPH: transitional stage of phloem; SPH: secondary phloem; TCA: transitional stage of
cambium; SCA: secondary cambium; PX: primary xylem; TX: transitional stage of xylem; SX: secondary xylem
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RERFT NeSUT4 Al NcSUTS TEAN A SMIEEHEIR BE T i3RI 1850, FIH RT-qPCR X 4 FhAS [F] B bl 22
(0, 1%, 3%F1 6%) AL PR J5 R « 25 IR IE AT - 25 R0 (K 8), [l e M v FE 157, NeSUT4 Al NcSUT5S
16 3 MNARFIH L s LI TH G PR . ERRAIH -, NcSUT4 H1 NcSUTS 78 196 FERE IR B T ik i
B, 1E 3% KN 6% LMK B N B RRAG; TAEZET, XA IE R R e i A B TE 3% E MR B AL EE T,
VL HILE 300 iU I A BERE AT DL S NeSUT4 A NeSUTS )ik .

] 8 NcSUT4 Fll NcSUTS 1A [l S MJE B IR BE T 2R 5 AR 5

14 0 suc, 1% suc, 3% suc F 6% suc 73 B REEEHKE N 0, 1%, 3% 6%

Figure 8 Expression pattern of NcSUT4 and NcSUT5 under different concentration of exogenous sucrose conditions.
Note: 0 suc, 1% suc, 3% suc F1 6% suc indicated the sucrose concentration of 0, 1%, 3% and 6%, respectively

1.6 NcSUT4 F1 NcSUTS5 [ RENE %535 Th R I8 AT

NG AE NcSUT4 A1 NcSUTS & [ 1 1 4 % 12 D) Re , AW 50 18 1 #4 2 % BF % 8 #4& pDR196-
NcSUT4/NcSUT5, K5 54 #i R A FH P 6 i pDR196-AtSUC2 43 il 4k 22 B % BF SEY6210 r, i3
ITRERERALY - AR R 9256 . 45 BB (B 9A), Rk ZSHifk PDR196 B BRI A A W 8259, #
15 AtSUC2. NcSUT4 Fil NcSUTS F T BEAT U35 W42 B85 (58 ) o it — 20 R R bR AR IR i) B 7 gk AT
PeNCIRIE & A& 9B), 45 B EonFRIAPEXE AtSUC2 RIFZREAIM, Zeotsmpsid 7 100, EFmET
FIEZ ARAR (B BRI ML () 9 ' B s 280k NeSUTA (AT NeSUTS B2 B[ 5 5 B 24 S2 B 1t o R 4 5 DA
b, BEETHEXNEE, Ui NcSUT4 F1 NcSUTS XLt B fWR I, TESE 1 3 BA BRI 115
g

K] 9 NcSUT4 Fil NcSUT5 Wi I 1 2% S W 5% 5 A6



VED A BEHERIZ UL, (a): pDR196; (b): AtSUC2: (c): NcSUT4; (d): NcSUTS; #rR: 20 pm; B: -BEM-E 56, #2248k
% SD, *:P<0.05, **: P<0.001

Figure 9 Esculin uptake assay for NcSUT4 and NcSUT5

Note: A: Fluorescence detection of esculin by microscope, (a): pDR196; (b): AtSUC2: (c): NcSUT4; (d): NcSUTS5; Scale bars=20 pm;
B: Detection of the fluorescence value, SD represented the standard derivation, *: P<0.05, **: P<0.001

2 VT

JEE 2 SUT REMANEZE WL ZEARE, BEA FEEEEDEANKETSEH2S
THEWAKKE WS MHE . AR R 7 EEAR NeSUT4 il NcSUTS AN I 712 2 R R P 41,
RSy 5 P X AN J2E DR G B R R L R 7 51 P 545 GPH domain, 3 HLEA 12 MBS ZE 4, 158 NeSUT4
1 NcSUTS J& T MR kit ia | A . W FHHEY) SUT KEal 438 3 A3, /il & SUTL. SUT2 Al
SUT4, KZHEWF SUTA 73 XA —AN R, W Ir. o S8, JHERIE 75 %% (Reinders et al., 2008;
R #E %, 2011; Reinders et al., 2012), TM7E#E A H %52 IR i b T A SUTA 20 SOt , BB SUT4 4r CAE
HRA T R A T HERY 7K. 2 NcSUT4 A1 NcSUTS Zhfg & 75 T AT 75 33— (T REIATE -

SUTL Fl SUT2 4332 — e hr T4, 1 SUTA SRR B T AU e 6, A6 1Rl 5 348 AT 8 S AE R
IR L, AR B A IR X E 2 AL, LW R R SUT4. 545 LjSUT4 FI 445 StSUT4 25
(Reinders et al., 2008; Chincinska et al., 2013; Ho et al., 2020), i8] SUT4 43> R e i B 2861, HEA
VIR ZESYE. SUTA S5 A DR AL 40 B B sl 2 VR I T B8 5 E MR 2 S L) B DI AE G o LA VRO R e A6 (1)
SUT4 2 5 R MO AMIE S M5, aowk PpSUT4 AISE S MdSUT4 (Zanon et al., 2015; ¥iI44E, 2017).
0 58 67 T 0 1 1) SUTA ] R -5 41 M0 5 9 BEREE H 3545 5%, gl PhSUT2 e ML E4nf i b, Thie s
HTHED PoSUT2 {12 3k b it iz i 28 SR ST, 8 i S S 2 = (Wang et al., 2016) . 55 52K NcSUT4 Fil NcSUT5S
Yy r T M RS L, AT R el 1R s A T P R AR I A R M B R () AR K R B R K AR R TR o ) P B
I ALK R AR AtSUCA 5E AT ZETR IR | (Schneider et al., 2011), {H/& AtSUCA-GFP #a 5 AL F I+ & B
e ST e BRI B (Liu et al., 2022), U6 BAAS A (ARG 5 ik T RE B ANEI e AL 4 SR o ASHITF 78 ) DR A6
A FRITGR IR B AL A2k 2 20 I 35 2K NeSUT4 AT NcSUTS F Y 20 it 5 57, 45 52 3¢ W 19 3 240 58 57 75 40 JiE5 (/& 6)
{ER B IRAFTE MR B, AR T 3 AR RS e Rtk Rl Hof ik R L 500E . Cf o fe i —Fp
BT 1 Y SUTs Refig i ia 2 e Gt H (REFESRAUNGE /7, SRIIE BERE e ia B 2 15 A s REpE 1 Th
fit(Gora et al., 2012), AHFFRAIFHZRGKAE T NcSUT4 Al NcSUTS AEs 44 ia fEpE (1 9), 5HAh SUT4 4y
SR (G0 1bSUTA F1 SISUT4) A0l Hy B A A 4 18 7% 14 (Wang et al., 2020; Liang et al., 2023a). R & SUT X
RERE SR FPE RN L IZ 68 77, TR SUT 43 R, 4395 s o FIMK 3% 32 BE 71 (high-affinity/low-capacity,
HALC) FII 35 A1/ = 1% 33 BE /7 (low-affinity/high-capacity, LAHC), H: 1 HALC R A KJEWE) 1% 55
(michaelis-menten Kkinetics, Km)4tb7E 0.3~2.0 mmol/L 2 [a], 1fj LAHC 2% Km 24 6.0~11.70 mmol/L
(Weise et al., 2000). K#BrHI SUTA 4r S 2 8 T LAHC 2874, 22871 SUT 3 B4E F N e BEMEIR B vy
A SRR T DA IS e B R 2R, DUORIE R A RE TR oK . #U R I+ AtSUCA F& it LeSUT4 1 Km 43
5124 6.0 mmol/L F1 11.6 mmol/L, TM3EHE MdSUTL B Km >4 0.63 mmol/L, 15 B =5 A ) #5022 ik
FE, fEThEE L& T HALC, {HFFIH [FEME M 8 T SUT4 203 (Fan et al., 2009). AHF 7t Tl SE 3
A NcSUT4 #1 NcSUTS B A5 #4512 iENE M RE /1, (HILJE T HALC &2 LAHC I8 F1F N —P k.

N2 E A SAMIE R E VM. RN EEBIRZ —, AMOSWAKRIAEKE BRI, 1
AR TE B F2 A 0 40 B G i A i 3R 5 41 4 3R 1 RS AR I AR SRS AR O R . TEARME B FR
P T S 2R 4 5 R R B AT A R S R M A 22, TR SUT 4 RENE W) R Sis f R SR . MRk
HREA PagSUT4 BN 5 &6 5 B2 (3K 1, 2016), F147 PHSUT3 7E kA A K i ZE rh ik, Thg /0 B PtSUT3
SR B R 23 O 3 110 5 W A b4 41 48 O T /i (Mahboubi et al., 2013). NcSUT4 1 NeSUTS e 2 . TERE 5]
Fe BB (K] 7), RUTX I EERIW Rt 4E8 K 5 RA EE/EM, 5 28n] M B AL F A0 R AR A1) 5
IHREHEATIRANTTE o AN RERESZ I SUT4 IUFRIA . HAEITT AtSUCA Ji 3 TUREh R A A ERE L F GUS %
1k, UiB AtSUCA ZRENES R IAE(Liu et al., 2022). fEAWFIEH, FEARHEE BEME 251~ (<3%) NcSUT4 F1
NcSUTS ik EJF, (HEEHE REMIR TR, NeSUT4 Al NcSUTS fZE3 PRAR (A 8), 15 B FE RE MR iHE X
PR AN IR 2 IE , RIRE A5 4D TRE W e 28 N AT P R 5 T e A S R s Y8 38 s PR o 2 ) & Pt L 3Rk
X T] RESRAE Y IE R A B 25 5

AT GEA T v AN SUT4 43 32 % 5t NeSUT4 F1 NcSUTS JE[R, #JAEI8IE T 3 9 AN 25 R 4 i
K& A BAA R R, I AR e A AE g . NeSUT4 Al NeSUTS 4 R ik, R
EH RS 5WRARAEE KRB AR08 G E— 2050 NeSUT4A FI NeSUTS R M BEARE KK E
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BE5E H B
3IMRLE L
3.1 LWk

ARSI By 2 (R A B SRR A 1 . BOROR AT TR AR T A AL R R AR AR X (] (E:
113°22°,N:23°9°), EURf+F 1.5 mL .08/, M ddH0 2% 1, T 200 r/min 2K 37 °CHIEEHAL
36 h 7i4i; FH 5% HCIO 2@ IH 5 5~10 min; JoR/KIESE 6 ¥k, X TEFFE 1 min; 1A 0.1%35 &
B, BSRET MS Bt b HpmBORR AR KME: 16h GRS 8h BlE, IR ERELA NN 25°C. K
FH 2 MAFEY MG, VIBCEERAY SR .

KT DH5a 16T gt AR A w5 B REE A SEY6210 A2 FE LRI 4A, B AT LATE LU 45 B ik
—IRIER G TR EARK, ANRRTE DARERE OME—BRIR I RE 720 AR, IR RS ORI . T RER
153k pDR196 HI A< SEE 2 fRAF
3.2 NcSUT4 A1 NcSUTS 2 7a

MALEGTF TAIR [Pk (https://www.arabidopsis.org/) L3R A4 EE I+ AtSUC4 2 K| (At1G09960) I 25 /7 41,
I Blast Hox) s 2 AL R ZH # 4l (Zhao et al., 2022) 9128 H 55 22K NeSUT4 A NeSUTS 2 F 7 41 S Hokt
() CDS 741 &4 3 F AR NeSUT4 Al NcSUTS 2L [F CDS &K JFHIM 5 8 H (K 1), LLEERAM F
IR H 2R A cDNA NI, AR =7 E B PhantaMax super-Fidelity DNA Polymerase (V5ME#E, B4 57)
HH4T PCR #7718 . PCR B4R £ (50 uL)414> ~: 2>Phanta Max Buffer 25 uL. dNTP Mix 1 puL. IE[H 5[4 2
uL. 542 L (JB51%°4 10 pmol/uL).  Phanta Max super-Fidelity DNA Polymerase 1 pL. cDNA 2
pL. ddH20 17 uL. PCR KFEFFA: 95°C, 3min; 95°C, 15sec; 55°C, 15sec; 72°C, 2min, 3% 34
AMEFR; 72°C, 5min,

F 1 PR NeSUT4 Fil NeSUTS JE[K 18 5 R IE T 514
Table 1 Primer sequences used for NcSUT4 and NcSUT5 amplification and expression analysis

G/ S M F5(5-3%) =

Primer name Primer sequence (5°-3”) Objective

NcSUT4-F ATGCCGGAAATCGAGAGGC FE[R I 14
Gene amplification

NcSUT4-R TCAGGGGAGGATTCTTGATTTTT

NcSUT5-F ATGCCGGACGCCGAAAGA

NcSUT5-R TCAGTGGAGGATCCTTGATTTCTC

gNcUPL-F GGTTGGTGGTAGAGTTGTGACTC gRT-PCR

gNcUPL-R CGAGCACTACCACGACACG

gNcSUT4-F AGACAAACCGAGAACAACAACTCGC

gNcSUT4-R GTAGGGAGTCAGCAACGACAACTGC

gNcSUT5-F TAAACAGAGAATAACAAACCGGC

gNcSUT5-R GTATGGGGTGAGTAATGAGAGCTGT

3.3 NcSUT4 1l NcSUTS5 45 B %04

I FE Clustal Al GeneDoc 4 #42k SUT4 1 SUTS 4wl & (A R EERIHAT AL o0 dr, BB S
BN RGN . FIH] NCBI CDD search (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) 2 & P> 55 [
FIER P45 R M NCBI (https://www.ncbi.nlm.nih.gov) k5 T~ 2475 (Populus tremula X Populus alba) . 7 7ifi
(Solanum lycopersicum). %% 2 (Solanum tuberosum) ALl g 7+ (Arabidopsis thaliana) 1) SUT ZX & I & H T
B, A5 5N PtaSUTL (ADW94615). PtaSUT3 (ADW94616). PtaSUT4 (ADW94617). PtaSUT5
(ADW94618). PtaSUT6 (ADW94619). SISUT1 (CAA57726). SISUT2 (AAG12987). SISUT4 (AAG09270).
StSUT1 (NP_001305553). StSUT2 (NP_001275438). StSUT4 (NP_001275070). AtSUC1 (CAA53147). AtSUC2
(AAC25515). AtSUC3 (AAC32907). AtSUC4 (CAB92308). AtSUCS (AAG27852). AtSUC6 (BAB11624).
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AtSUC7 (AAG27852). AtSUC8 (AAC69375). AtSUC9 (BAB09682). F| [ #4: MEGAT 1] Neighbor-joining
J7 % NeSUT4. NcSUTS K Ek¥fh SUT ik A A R G, WEB SN RFEEIN . HE
£ 3k The MEME Suite (https:/meme-suite.org/meme/)%} NcSUT4. NcSUT5 LUK FiR#F i SUT4 & FEFR
FEHIIF) Motif Z5 K347 20 81: R ExPAsy 3G (K] ProtParam tool T. E (https://web.expasy.org/protparam/) 5
W5y Hr 3 ZE K NeSUT4 AT NcSUTS & | W B b % it . Al H  DeepTMHMM [ i
(https://dtu.biolib.com/Deep TMHMM ) Tl 2 i 45 1) 35 .
3.4 NcSUT4 Ml NcSUT5 FIiEH R4

FIFH AT A 2R K 1) RNA-Seq 44 (Zhao et al., 2022)3kHL NcSUT4 5 NcSUTS 7EAN [ ZHZUE A ARl 4E
B B R ANTE BUE AR R B K #k FPKM (fragments per kilobase of exon model per million mapped
fragments){fi, FAIH] TBtools £ %A & (Chenetal., 2020). MEFEK—3, #kE 7~8 cm B R ALK
W B & 0% Suc(sucrose, FEFE). 1% Suc. 3% Suc. 6% Suc WARREFEIE T, 7B T A3 8
h EHRE, A B 25, =300y, AR, T-80 CIHR 7. RE LBFEM RNA, SRAEY RNA $2HL
IR E(OMEGA), Bk il 56 8 14 47 1) RNA /E A5, 3748 H Vazyme 2 w] B35 & Hiscript 111 RT superMix
for qPCR #EAT Wi 5% S Bi. FIH RT-qPCR Rl 58 52K NeSUT4 H1 NcSUTS HE P £ A [F] e bk B Ab 3R )
Fika, FMCAIHGEE L), ASEEDY NCUPL (5K & 4%, 2018).
3.5 Ot RM-L B R B B T R e

M H  BF 3205 407k PDR196 3%, & £l U1 AL sl Pstl A1 Sall, #& it 514, NcSUT4-F_Pstl:

AGTGGATCCCCCGGGCTGCAGATGCCGGAAATCGAGAGGC ; NcSUT4-R_sall
GGGCCCCCCCTCGAGGTCGACTCAGGGGAGGATTCTTGATTTTT P NcSUTS5-F_Pstl
AGTGGATCCCCCGGGCTGCAGATGCCGGACGCCGAAAGA ; NcSUT5-R_sall :

GGGCCCCCCCTCGAGGTCGACTCAGTGGAGGATCCTTGATTTCTC, #J7 NcSUT4 Al NcSUTS HE%LE
RIBIAE, FH D B H 00 BOEE 2Bk L (EMERE, Biat). K PEG-LIAc N S#ALIITTE, ¥
PRI B A B A . 25 B B BH PR X R (AESUC2) 73 A G AL I BE B Ik SEY 6210, SRAFFHPERR TORE . D )i
G ORI 7 2% (Gora et al., 2012) . R EERERH P B 5T FE AR SD-Ura+2% %] %) i A 3 72 B 85 97
% ODgoo 124 0.8~1, BSOWSEERERERR #&, A 200 uL &4 2 mmol/L &1 25 mmol/L NaH2PO4 (pH=5.0)
G I B R IR, 30 °)CHRKIM 2~3 h, FRRES OREERE R, 0 25 mmol/L NaH2PO4 (pH=5.0)
SR AT P G R LR AN s g B I RE AN B R 2 R A E AR SO AR b, {4 B AR (X (Vaioskan
LUX, Thermo Scientific)ill 5 HAE & P 367 nm R SRS 454 nm T AW GAR . [R] Ry 28 2 1) 2 BE 4T A
Fkt 515 )5, (EBUR K 367 nm A SR K: 454 nm 5% )6 52 ik (Eclipse Ni-U, Nikon) W 825% 6 & Ot
e
3.6 NcSUT4 1 NcSUTS T4 2 fir

FIH PCR ##% NcSUT4 A1 NcSUTS 2[5 CDS 42K, A pAN580 #ifk, 4% NcSUT4/NcSUT5-GFP
A& E A, 18 QIAGEN Plasmid Midi Kit (QIAGEN) 71 Sr 2 H i 40 B i ik B b o 1) 4540 B 5 JR 2B i 44
7512 18 Wu £5(2009) . 18 FH 40 B 5 i 52 157 marker AtPIP2-mCherry {E J9BH 15 8, 43 51 5 NeSUT4/NcSUTS5-
GFP R L AL J5 A A, 3 K a8 O L SR AR I IR AR B % (LSM880, ZESISS) M 5% i A8 Jift 4% ot i '
LR
YEE TR

PRI AT A IR S AT N, SEBERE 8 SO SCHIRR SR BER . BREMEINKS 5505
WA ARG S5 Rt 32 B T @G @t 2 o H MR s N, fa et s
M WIEE GBI AREE A S R B R A B SOAR .
it

AW 5L E K 3 AR 42 (31800560) « | AR 4 Bk Al 5 B Al 9t 7 2k 4 T H (2021A1515010816 5
2023A1515030250) A1) i B TR 5 H (202102020505) 3% [7] % Bl
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JRLBE 34k (2)4H I 53 2E AN 78 AR S (B) AN E AR
JEFE AR (4)TRAEE B (Jund§2015), SR, 7E
K2 HOB T FE 1 25 B A 3 8 70 R S 4
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Ae TR LR 4F AL e AR, B2 3 BUH A5 20 B i
(Spencer?$2007). AT ARG A ELFE R 2 HiEK.
BISSEEDIP IR, 7] RE2 3 ERNA [£fi#( Takahashi

£52010), BEZLRIEH D) v i e Bk, B &
RNANI T &, 77 2B RTT Z [A ISP . 4 STk
A& 1 AU R R e AT B SRR TRNA
R, EEEXE T TR (Zea mays). &
fti(Solanum lycopersicum)2§ H AR TEY)(Zhang 4
2012; KerkZ£2003; ShibutaniZ2000; BrooksZf
2009), AV A E TR AR AR HEYRNA B & 1
S A S HRIE LD, T HLA U R A R A D B
WK FRE . BER . AG alR SE 07 TH X RN AR
M HRTIE AR AN H
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AR, 4340z, ARG, RT3 B, SRR, Ko
T 1 DX N T3 R P — gt A e o (R 75 8555201 7).
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KORFFHAM R MR A TR RARA ER KA
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TR TR AR AR (i B B IR TR
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AW EZNEER . KBTS BE
VIR B« ORGP kR RIE F ile FEE 55 o At 78 R %
PR B 22 BIRNAGTR IR0, 37 1 3R
A EMR R ZELMD 73 &5 1) S A A I V) 1 O,
FHFRLMDZER AT G . ASHEFEON JE SE T RR
DA% FLAth A AR AR 4 48 F LMD 73 25 455 55 4 0 P £
T ERSHFHSHEE -

1 R57EE

1.1 RX3e Rt

KL R [Neolamarckia cadamba (Roxb.)
Bosser] L Rl (11, 50% % S EE 54 75 10 min,
T WK R Z P i 4%, T FH70% A DLig i #4530 s,
7RI PRSP G B /K D4k, W 8 5 3PP T-MS
Brgpdk . PRI TIE, Pk — AR R
W3 7R EE(MS+1 mg-L' 6-BA+0.1 mg- L' NAA), %
TR, 3045, 2 A7 EMSH.1 mg' L' NAA)
TEREL i 22K A . FFIL 2R 3~4 mm, BT
Uity 5 2K A, EEATEERIE AR AR R R . IR AR
AR ZEEL emfCA D), 0L B RDIE] .
IR EREFRAE RS SRR 60~70 umol m™s™, Yt
HRIFE]12 hed, B FRIEE25~27°C (AR /IMEF2E2012).
1.2 AtEH A RENAERE
1.2.1 AEEERLE

FH 3T AN [) () 7 65 T4 (o] 52 W A B EA (2B

ZF%=3:1). i, FAA (70%iE54590 mL+yK 2. g5
mL+HES mL). KREEREIALS mLEOEE T
UK b, U EARZH T 28 2T em, DIk
B2 mm, N FEEW . K I E 2320 min, B
[ W, BEE2IK, 4°CLRAF12 h, R4 FE3AN &
5. [FE 5, HPlant RNA Kit (OMEGA)R 7| &2
HURNA, B ig bl e e F vk A RN A S8 5241
1.2.2 REREKEE

R B K AH FEE NS KB [T (R AN D, 4 9 BATR 3
AMREFR(F D). BRI EE, KRR LE
4°C, /K72 M)G, $EHURNA, TSk ke B vk
TRNATEHENE:
1.2.3 REZEFIAE

AR 3 £ 1) ] 5 R ABE AR RR, 5 FH 3 Fhi2 i3
FIALER(FR2), TR AL B3N E R, B FRI1E4°C,
BIESEUG, TEERNA, B IR B A RN A
58 # 1 (Schroeder:2006) .
1.2.4 FEIEERIERURE 2L I8

H 1) 2% U R e R4y I AEAFN-20°CAF 12 h)s
YIF . WSR2 mL B0 Hh i 10 min, 1 500xg
205 min, EE 2K, HRNAt Rneasy Micro Kit
(Qiagen) XA FEHURNA, FAgilent RNA 6000
Pico KitfMIRNA [1] ¢ £ (Schroeder:2006) -
1.2.5 AERIVIREEAE

K HLeicafi & U1 AL, Ul B % B2

A1 3FANA A B AR Ak 2
Table 1 Three treatments of different dehydrations

. Jii KD B
Ttk A E 4 -
i el =
75% P 5 4L FE20 min 100%3P9 5 &b 2120 min
2 75% Pk AL BE20 min 90%3F 4% 4L 720 min 100%3P 5 4b 20 min
3 75% Pk AL BE30 min 90%3F 4% 4L 730 min 100%3 P9k b H1 h
2 3P [E BB IE A AL HE
Table 2 Three treatments of different penetrating agents
— Houb
BB * iy
AL b i 18] /min WA L i [H]/min
FENEE AR LEE(1:1) 30 100% 5 A i 30
TH TSR 30 100% — H1 2 30
Toids W 7R (A4 15 7)) ToiZ& MAF: Z.BE(1:1) 30 100% To3iZs i 7] 30
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FE, 23 mIoN104014 ume Y1 5 Bils, $2ERNAJE
ol Jo £
1.2.6 R~EIREFIRFIALE

0 7 B G TE 220 1% R R — 4 B8 (DEPC)
IKALBR B v b, 43 I FHDEPCIK . RNA ffg 1]
FURGEWG o KGR 5 T, L AEE A B B IR
AL, FEERNAFFA I T =
1.2.7 REH IR E AR E) 401

W4 R Wb ()33 Fr 43 AIAE40°CHET-20 min.
38°CHEF-40 minMI4°CHEF2 he M5, HIHUEY)
HZ, FEEURNA FH6 I 57 &
1.3 FAEHE

K FHLeica AS LMD 70005} H & it 1T I 4k,

FEEX LR IS E0AT A OB EE E(Power).
BOCIE|fL12 (Aperture) . DIEI# E (Speed). K Hf
5 & (Head Current) fl1 k#4572 (Pulse Frequency)252>
B, A B RARAEMR R B R IR S

2 SEIEER

2.1 REIEERFTRNA G Z A F2 T

fi] 5 77 AR FH 2 R e A i 9 5, e ALY
IR R 20 B 00 5 3 18] LR RF 2 U 385 1) 5 4 P (K erk
£52003). HE )2 AL FE AN IR EE 1) 400 P R AR K
fyrp ey i, 2H 2375 B I e A8 A& H 1 e o,
A REAE A LR FF AR 4 1Y FE A5 FIRNA ) 56 %4 4 (Bar-
cala%$2012). {Hs2, [HE A0 Hbr 4 RNAS
—EMIBEAR, ZP B R ERNARTIE G . A
TARIEH D) R B 52 v, RRARE 2 FIXFRNA
Ji R, A SC B T I = B AS [F] 4 (] 56
FER AR R 2L BRNA BRI . R38R,
PR 1 7 JE RNA ) B 0 26 B sy, EREALE 8 22 5110

3 AS[EIE AL S R OR IRNA [F] S 3
Table 3 The RNA concentrations of N. cadamba
treated with different fixed solutions

I ¥ RNA Y% /ng-mg”
EA 32°
P 43
FAA 4°

ANREVNG FREOR 22 RIE B B 2 KT (P<0.05, n=3), NERIFL.

ng'mg A . FAAREMRNARCRAEF AL, B
B FHFAA 8] 52 (R ZH 2R RNA 5y W fift . B NG BE s v
VKRN 25 BB 1D B, EAR E J5 41 ZARNA 28 S
I8 Shb Ay 24T, 7T H28 SH18 Skt +¢, o
Jetts: TR [ 5 5 ZHZARNA R 6t , 6 B 2 IR B
il %, 28 SIUTEE TS 118 S, B HIRNAF &4 BE
fif; FAARIUSTRIRNATE2S SHII8 S wne, J 14
WA, o ERTIR, SR TR RARAR LMD E
1) F A 8] 52 SR SR EA
2.2 REIBEKALIEITRNA B =AY 520

PR 6 P T 7K FH 1 A8 4 AR A 2R K 4,
A2 it /K A AT i 351 FERNA ) 57 2 (PolsterZ52006) o
JIR A AR H R Ao B %o (R e A i e R B O L
AN E S T2 R, ARG, TR
RNA, H H2: i LMDV EI AR H AR .
ARSCAREIN T 3F AN ] 1 I K D B R A 2 8
RNA B[ 520 . 45 R (R4) TR, AL 1 [H]

M E1l E2 E3

Wl W2 W3

F1 F2 F3

BT AR [ e AR 2 FF RN A FEL K ]
Fig.1 The electrophoresis of RNA treated
with different fixed solutions
M: DNA marker 2000; E1~3: EA[H & P91~3: P9 E 2
F1~3: FAA[® €W

4 AFIBKAEEE S PR AR HIRNA R
Table 4 The RNA concentrations of N. cadamba
treated with different dehydrations

JBi K AL 2 RNAE % /ng mg”
sz 28°
RbF2 11°
MEFE3 31°
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e, RNAFNCRE &5 32 (I RNA [FICR A%
AL T3 i K 5 BRI T K, (HRNA RIS R Ry . X
RNAGEAT B R HE B L BRI, 3 i /K A 2 17 |
FEERIITEL pgli A, AbFR128 SHY & EL 5 A4S
AR FE ) JF H28 SE18 SFEIRZ, oA s, AbFE2
FIALBE3 1128 SHcHF B — 18, 18 SELAT RIS,
JUFEAZI(ER).

g5 TR, WK AR, D IR, RNA
R P FERNA R AT REMERER K . BT DA, 7EARUEAE A 4H
UKo SE AW GBI RIS T, 40 R i K B
[, 50 K A0 B, (ELTR] I 258 S 0 B4 7K, SEma I
FeUIEI HLTEAS ISR . SR SE, 41
T2 72 8 (K3), I HRNAJR B, b5
AL B W T LMDAT I ) F e A8 (R B A AL B
2.3 RREIZIEFIFIRNAREZER T

BIE R IAE &5 B A B IE B AN
o, BRSPS IE R R R AR
- FZE A ToiE B 77 (OhtsuZ%2007; CaiflLashbrook
2006). ESEIN, 7 AEEFRNA BRI —H
11 [ WA 6 dpt e o Bt W 6 2 REL KRGO, S P
1628 SHK18 SH&s B 5%, JF HAE /N T Ab Jo P -
T H 2R AN Toi& WIFITE 18 SAbZ A # R 3, 72N> 1
A W R R, BIARNAKG 58 PR (E4) . %
FRTIR, ST EE A SRR, (H A2 RNAJT & 2
LFIC, DRG0 T B AR A 8 W B A 1B 7

M Di-1 D1-2 D1-3 D2-1 D2-2 D2-3 D3-1 D3-2D3-3

K2 A 7K AR S RN A K (5
Fig.2 The electrophoresis of RNA treated
with deifferent dehydrations
M: DNA marker 2000; D1-1~3: i /KAbFH 1; D2-1~3: fiii 7K kb3
2; D3-1~3: Jhi/KAb B3,

K3 55— Fh KA B 5 SR AR AL B )RR
Fig.3 Cross-sectional diagram of tissue culture seedlings of
N. cadamba treated with the first dehydration

5 AENBEFAIE B R AR FIRNA R
Table 5 The RNA concentrations of N. cadamba

treated with different infiltrations

17 B ) RNAA % /ng mg”
I 38°
TR 116"
Toid W5 72°

M %1 B2 %3 =1 -2 =3 T1 T2 T3

mEm_—- T <
- - ‘ .

4 A [ERSIZE AL S RNA LK &
Fig.4 The electrophoresis of RNA treated
with different infiltrations
M: DNA marker 2000; 5¢-1~3: S8 —-1~3: — 3 T-1~3:
ToiZ W7l

2.4 EEEERAE IR E XTRNA FE RIS
A R A A & T LMDY) Fr, Br TN
20 P e S 4R A3 M B AL A B 2 A, 1205 e B
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LU s S 2 ARNA AT RE R AT, A
2= 9157 B147) %)) (Takahashi®52010) . X} 1] £ 47 1) s
BUHEAT sk R AT, IXAE R DAY 24 ) £ i B B [
DA Sbb AT T o e A R ¥ B T 4F01-20°C
Agilent 210044743 AR MIRNA 57 & 25 F(1#]5)
R, 4°CHEAEHIRIN (RNA Integrity Number)=5.8
(E15-A), 28 SHI18 SUETK i; Ha vk K128 SHN18 S&kily
1B (E5-C)s —20°CHEA7HIRIN=5.0 (&]5-B), 28 S
WEAEHAIS, 25 nthb A B RIETE, A7/ FEfig, HIIK
28 SHRI(KI5-D). #HEL T-4°Chitf7, —20°C ik
FIRIN{E A, RNAF B BB, ATREH T M—20°C
FER, AHEMIEZEZN, FHRNARR. Fik,
U ER I 3 £ iR B S 4°C
2.5 AREIYIAEESTRNAREZER N

IR )R FE 38 2T B bn 4 B B 42 (Casson
££2005) . J8 I 0 B GEOR 2 5 1 34 X AN i R
FLA M -1 2 EAR THEL(BI6-A), I 40 i AR
SEI4989.54 ume BN TR ZH 5 AN TE AR AR 1)
VIR B R iR /IME D10 pm, 7] DU 24 58 ) v J5 2
DERRNAJ R . FIEE 7200 FJEE10 pm

A -
(Fu) , RIN=5.8

150 |

\%%Xg‘ —_—
T L 1 : I

1000 [nt]

100

0 e
I
25 200

4000

B

[FU]

10

(KE6-B)AI14 pum (K6-C). X AN & B ] 5k
1BIEMT I M %%, Agilent 2100454 M UK
MRNA T & 45 8 (B 7)ERH, VIR ERE 814 pm(r)
RIN=6.0 (J{]7-A), 28 SF118 SIEI &, HLIKEI4H
B (E7-C). Y] JEE 910 pmFRIN=5.5 (|
7-B), 28 SUETEHIK, 25 nthbAA fe RKIEAE, ik 28
ST AN R, A M I G (B7-D). K, EH 14
wm (1) U] JE B R mT S LI i ) LR e, kA
RNA FJRINE A 5, 1A T 3 AR A 5 AR i 4 A
RO B
2.6 #HAIRTIMREEE

1% DEPC/K BEfk YRR Nase [ 45 14, M5 3 2k
iE . PEFRAT T4 T DEPC/K AR Nase i il 7 7k
TERE R I FE O RNA R4 EFH . DEPC/KH B
RIN=6.1 ([X[8-A), 28 SH118 SA W T I{1I& T, HLIk
Pl 25 B S (1&18-C) .- RNase i il 711 VUK v RIN=
5.4 (E8-B), M200 ntF|18 S [A]Ig(4 %% &, RNAH
Feefige, FEUK A WY (47 (KI8-D) . 1% DEPCIK
X RNase (1) 401 7 FH ZEAR T RNAFGHH 77, PR
Jr713% H 1% DEPCIK .

o]
v}

RIN=5.0

i

L TN
- S - B

1 T T
1000 4000

25 200 [nt]

IS AN [l B ff R P2 (U RINA B AS: [
Fig.5 The electrophoresis images of RNA under different storage temperatures of paraffin blocks

A 4°CHiffBRIE[E]; B: —20°CAif I [E]; C: 4°CHiff el LUK 131, D: —20°CHifi ol LK 15T o

Fel6 R e AL L A L A 4 PR SR
Fig.6 Measurement of diameter of adventitious root primordial cells and slice thickness

Ar AE RSN BAR RNV 5L B: U1 JERE10 pm; C: 91 £ 14 pm.
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[FUl | [Fu N2
I \ 154 |
80 | 'i ! L -
0 | | A |l 10 | H | - =
40 | A h
20 3 ", ~ \Lnl\b% 3 i { B o \‘ d [[ =
oLl 7 AR 0Ll - ) s cai] -
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K7 ARV B FEFIRNAJ K K]
Fig.7 The electrophoresis images of RNA with different slice thickness
Ac YIRS 14 pmg P B: U) R JEE 10 pmig B C: Y 5% 14 pm Lk s D: D) A JEFE 10 pm Lk
A B Cr1 D]
RIN=6.1 RIN=5.4
[FU] [FU]
80
60 100 i L _
40 . | | =
i | N 50 N
0 — Ry m— 0 — : }»@'——‘ ™ =
T LI T 1 1 I LI T 1 T
25 200 1000 4000 [nt] 25 200 1000 4000 [nt] . L

I8 A ALK F iR RN A BT A6 &
Fig.8 The electrophoresis images of RNA using different floating media
A: DEPC/KIE[&]; B: RNase (il 3 & [&]; C: DEPC/K FLIKI&]; D: RNasedIfil 7l vk Bl o

27 RENBARE

BV E T3NS 42, 38F14°C, Ht
B[] 4% B K 3 4 P e 58, W i R R UG 7 23
Fr BB R RS . AT kb B R TR, R
FoSk B Z KT . 42°CHET 75 220 min,
38°CHET- %2/ T H40 min, 4°CYKFH T2 /02 hid
Fo GR(E9ER, 42°CHETJERIN=6.6 (E19-A),
FEZR T8, 28 SHIN8 ST AR =, HLKk [¥128 SA
18 STEH B 2. (K19-D, ki 1); 38°CHET J5RIN=4.0
(K19-B), 28 SHI18 SV A WEAE, JLTF-Ax i, Hik
K28 SHI18 S HHREH(EI9-D, ikiti2); 4°CH T )5
RIN=4.9 ([&]9-C), W& t.38°C=— i, 28 SF118 Si%
UM, HVKIE18 SI&A 5T, 28 SHMIIHIAKHT
(E19-D, VkiE3). & LA, M i e il FE A
i) 942°CHETF-20 min.
2.8 BAEHIBESEIFE

BOGRMIIR 28 B A YRR 23R 7 1,
HHA NS EGEA S R e, T2 A 5 0 A
Hil2 . VIEIUCEE B bR 40 M BT 48 57 1 B[R] 2 e e

RNAJI & [ 8, Fr DALEHE AN S i6 o F2 o 3 S =
R DEIN ], GRAERESTEL h IR SE . 7E10%
MEET, &R EWE, 193 V)H] 58 BEARA B i 5 Jk
ML R ESH(ER6). TEI%SE TN HOERMIIE
FE ST, WS AR iR S 4 A 8 R B (B110), BA i 5
BRI B AR 4E (& 10-C) .
2.9 NERBEELMDASELESH 5%

25 TR, TR AR AR R EAREIELMD
R A ) B 7k R o BUA IEALR 2, vk -
720 min, BEHE2R, HHRIFWR, fE4°CHE12
h. 4°C N /K, 75% 4 EE20 min, 100% %20
min. 4°CZ%AfFNBE, LB FANEE(1:1) 30 min,
100% 55 A BE30 min. 65°C NIy, 7 A BE: Al
40min, 100%4 140 min, 100% /52 h (FH2
W) VIR R N14 um; K K H 1% DEPCI/K#TE
leicall£3% /7300 pL, M4 s&m5aT, A4S0, H
MW 2 RoK 5o BE A 942°CAEFE20 min;
it f £ P — R 10 minL27¢; 38 XUHE XL 10 min.
N T ARIERNAJG &1 5E 8, — AT Yt Ab 2,
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Fig.9 The electrophoresis images of RNA under different drying temperature
A: 42°Cl[&]; B: 38°ClE[&]; C: 4°Cl&]; D: Hipk [, 1: 42°C, 2: 38°C, 3: 4°C.,
6 A EM R EEROL R MUIEI S8
Table 6 Main parameters of LMD for adventitious root primordia
Lk WOLHER DrEfLAE VI REFORE % i QLT ES B
10x 38 6 10 100 555 25

K10 o' BRI BOR K
Fig.10 Laser microdissection of adventitious root primordia
Az YIEIEG; B: VIR G RIARHL; C: &% LRSI 4.

Yt o () i 7K A2 KGR R Gl 23 P RNA T st ™ R4 _EIR AR IR Y A ) TS 458
FEromy, UL B E RS, 7T REOLERUIE EEEEM(E11-A), LMD RO R4 T R 4
WIHEEE . Lo R, RINAEL 37,5 (K11-B), L4k, H7E




692 T A P )

B

[FU]+

50

RIN=7.5

I ! T T
20 25 30

I T
35 40 45 50 55 607[s]
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Fig.11 Histological anatomy and the RNA electrophoresis images
Ar BRI AU EE; B: A foc A i )RR R A IR NA B R 4 ] C: Rk

28 SHI18 Sk, 28 SUEfE LK 18 Simy, HLIK 28 SHI
18 SZ&HHMT(EI11-C), Toair, 1 2 J5 2:RNA-seq
2K .
3 Wig

LMD%5 A RNA-seq TN 7 HT HE 47 32 [R5
PERIEA I TR, sTLARAN T iREEN L E
By AR H AR 1) G B 2 Rl (Ohyama%$2000; Breyne#fll
Zabeau 2001). SR, XA I7VE0 1R Z M4 40 il
R & I TS B e 8. N T 3R
ARINAE & = Hoo] A B 45 5, LMDE SR — e 5L
A R TR i it S DR IE 5 0 PR RO I T A
06 1] 7 B R], AT DA & 2 i 20 SR A5 F RN A 4171 1
FRAR R RNAR = . LMDiz 76 HE Y040 it 1)
KM RV I E, — B TLMDE Y] fy 77 20
B ARSI ARG A, Al U0 R A BT oK)
Jr ok Ut 3 T A AR

li] 5 Joi B e T 2 2R e ] ) 2 2 ) N TR
5, [ 52 R AL 40K /N (InadaZ52005) . 4 FH A [E]
JEFIAFAA. RUE(LEE: L18=3:1), fELMDH1 i
2 —FhE FH B[ 5E 7, 91 Ohtsu®$(2007) K H
PRI [ 5 ) 7 AT L4341, FHLMD4) 85 E oK
MZFE. BT A g, whlR k. AR AL
I E A2 T HRORAE . B — PR At
Il 25 [ 5 ) () G AN T ) o o — MR A B (R

I ) [ 5 751 () a7 ), = Bk [ e 551 B 4 i £ B 40
ZER) . FH37%~40% B 9K 2. 182:95% LB (10%:
5%:50%) (FAA)[E 2 ALY A TR ST 75% 4
BER125% LR 52 1o AR, FH B [ 52 710(75%
LEER25% 28 [E 5E b I FA AR 58 7= A 5 47 1)
RNAF & . MFAAE E K202 SR B RN AR [%
fif(Chandran%$2003), 5445 R —3. fEA
SR FHEA (75% £ F125% .18 [F 58, 240 1 45
P BT, AT e, RIS LMD 2 H
FRAH IR A .

A e 3B R A RE P SR AL SR B R A RS, I
HRNAB R E (Sud2004). a0 BT HRFIAELE, HLA%
BT4°C, RU)F B4 A R PR, AT fig
F /2 A TG 8ELMDY) Fr (Kerk%52003) . A<
SCEE AR T e I 0 B R R S 4°C
KerkZF(2003)J48 71 7 JEFE 2 5 s i 4 s RN A
M. U1 B A ) O — NS
B, SCHR AR IE 1 JE LI R 9 10~60 um (Holscher
£62009), 1% HSARYE B AR PPRFD H FR 40 B K
/NHE . T LMD A 1) JE 38 N 6~10
pm, R Y) 30 2 b 5 G R A o) HE
2, AREE Y] T LASRAS B 5 i & 1 RNA (Fang
F1Schneiider 2013). St FPIHCRA LML =, Wik
YA JE B KT B/ T-5F 2 20 i )5 5, 0 248 i
RE 59 A ZH 23 3 THIRE TR0 A 20 PR o e o At AT T L




SR 55 RO S 0 SO A HURLAB R R 6 R 693

B T8 N(Raphanus sativus) [ |7 6 BE 20 21 )5 &
M3 um B 10 pm 846 (13553, K BZIE BN )
JEL X6 ST SR P 40 i [ RN A LT 35 RS
AL LR A [F BT R R FEXTRNA I & A F50,
TELRAIF 2 2 45 W5 Bl I RT3 T, nTod@ 438 ) A
JEFERAE RRNA T &

Wiy BRI K b, ARG TR BRE, #%
o 2 28 R AE K 2 OE A S D) R AR
RNaseifi 4, FILHIA T BE2 T ERNA ™ #H %
fift o FERG R AR 2R A, e FERNARE
fif(CaiflILashbrook 2006). Takahashi%&(2010)4 il
T R HANE RNase )7k BiRNase il Fk5 F, %
PO A B B 2 5. CaifliLashbrook (2006)#
BT AL A R R AERS it fE e e AR T
UFIRNAJT &, SR, X 7E ] £ 33 W 7
BAMPFERT DR, JF Bk 75 BRR R W & . TR
AR bR, R DGR R T, HERRES
REIK, FE1Z8 B8 A A A AR A S22 T RNAJ
& (Florez Rueda%$2016).

BE R B S B A A A R R B, B
11 Bt ) B i d 7 5 Y& o Florez Rueda®%:(2016)%
WL AE IR _F42°C R TSR L4912 he X
BRIRAEAE, 42°CHE 264 R, BFHER A, RNABZ
Gy B . WA ERK I TR RI4°C, 201 h
(Takahashi%$2010). 7EHL RS, 4°CT S S
MK BRI b, T ERNAREfif ™ 5,
LR B AT ) 2% U (R 3 24 RLMDY) #I R 56
B, R R R TR TR R N B . 38°CHt
RNA [ fif ™ 8, 7] f8 /2 45 RNABGHE (LR 47 1 iR
ZAF, %R BRI 38°CIHiT . 42°CHR R,
HIRNARGVE M, TRy 5] 58 J, 8 S 203 K 1 3%
B

LMD %5 & i F: (LM D-M) g & — AGI e
(LMD-NGS) T2 I % 78RR IR 1 R B i F2 H A
K . HFLMD-NGSE AL, AR,
AN TR R A DI RE A LU R4,
W JEAR HAE . Casson?(2005)# FI LMD-M#F 5%
T HMW IS K B AR R IR FE I, B iR
65%IMIMFE I ERAHSE TIMHERKELE.
Spencer4$:(2007) {8 FHLMD-M 7341 1 #Fg 7+ IR Jig

BB B A R EE ] . LMD AMY R PR
THE TN, &2z NH TR 28,
BN K. KE(Glycine max). Eifg(Medicago
sativa). IKFE(Oryza sativa)%s . EmrichZ£(2007)f#
FILMD-4543l 7 B ARTE £ K13 3] T LR RE R4
J R 5520 . Takacs%:(2012)f# FHILMD-NGS
O %€ T AT KFSAM (shoot apical meristem)
HEI A I R R . SR, RZBABEA
TEME ) AP 2 s O 2 T IR & 48, LMDAT) SR 93 i
— AN ) B A3 B R A A U R R A 1) R, 45
EVERE S EP-R AR EAER . LR Rt
EHT. JEH, LMD VAC A Iz N H T 1Y)
TR 25 P B4 1 2 23 S Y o Tff 9 8k PR R A A 0N i
R TRE. FEARK, ERE—FIATTHDE T A
WAL AW ERYTUSH R T.
I B B 2 SR B AR B A . DRt A ST A TR
TV B € 2R 41 B I LMDAA 2 72 B R EH .

AT [T o0 B R AN E AR R A
T O B BB AR A R, 2k REBAET R
6] B, R IST E] PN AT SRAS R B R e S T A i, T2 B
IRNA I 2 5 229050 122K, PR AR AT LA
) B 3R FH AR S, oy o Ah AR P kS 41 2y
B R A PR L T S ME
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Establishment of adventitious root primordia cells capture system by
laser microdissection in Neolamarckia cadamba

DONG Tian-Tian", WANG Xue®, LIU Si-Wen, ZHANG Li-Ding, LONG Jian-Mei
PENG Chang-Cao’

College of Forestry and Landscape Architecture, South China Agricultural University, Guangzhou 510642, China

Abstract: In order to explore the key genes involved in the root primordia initiation of Neolamarckia cadamba,
gene expression profile of root primordia initiation cells will be a prerequisite. Laser microdissection (LMD) is
a common method which allows for location and isolation of specific tissues or cells from heterogeneous tis-
sues. In this study, comparisons of the effect on RNA quality from samples with different treatment during par-
affin sections were conducted, including fixing, dehydration, penetrant, slice thickness, floating medium. In ad-
dition, the parameters of LMD were optimized for root primordia cells. Accordingly, adventitious root
primordia cells capture system by LMD was established. The RNA from adventitious root primordia cells by
LMD could be used for construction of cDNA library for RNA-seq. Taken together, our study provide the basis
for the rapid acquisition of adventitious root primordia cells, which thus facilitate our research towards the mo-
lecular mechanism of adventitious root primordia initiation and formation in N. cadamba.

Key words: Neolamarckia cadamba; adventitious root primordia; laser microdissection; paraff in section; RNA
integrigy number
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& ZE WOX (WUSCHEL-related homebox ) %% 55 Rl F-1£ W AR 9 A Kk & A oz = A= P i v 7 a8 24
o RE s e DX R B A B A 8 32K ( Neolamarckia cadamba) WOX FeRFK G DIEE , A5 R H A=)
HRSITIEX B WOX SER AT RSN A %0, IR HEAb T . B AR Je ik, Rgik
b FERFRBEE DL ST I oo - 7 0. S5 RW]. SRR I 19 4> Wox B, - A67E 14 5
Peafk by NeWOX FEAL 5 40 WUS #4637 | rhal st fb SC ity RiEfE 32, ¥ 54w BEORSF B R R S5 44 30
LR F AR TR, NeWOX4. 1. NeWOX4. 2. NeWOX13. 1 UL S NeWOX13. 2 T2 44 tH R vh 35 5
B, Hodh NeWOX4. 1, NeWOX4. 2 1E01HE A K 1 AR A K 3 0 0 T B2 32 08 B e vy, #EIU NeWOX4. 1
NeWOX4. 2, NeWOX13. 1 il NeWOX13. 2 Z 58 ARYE K E . 8 sh FIRAE R T i £, Newox %
PRI G5 B 10 ) 37 A F s 0GR 28 | PR 28 D R 35 oo . ARG IR ABESE NeWOX 3[R 7
BOPRORAE KR T B g o VR B T BB

KEER PR, WOX BERFGE; EWE RS Rk

Identification and Expression Analysis of WOX Gene Family in Neo-
lamarckia cadamba
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Abstract WOX (WUSCHEL-related homebox), an unique type of transcription factors in plant, plays signi-
ficant roles in regulating plant growth and development and the response to abiotic stress. Neolamarckia cadam-
ba is an important fast-growing tree species in South China with high economic value. In order to characterize
the functions of WOX in N. cadamba, genome-wide analysis of WOX gene family was conducted in this study
using bioinformatic method. The results showed that a total of 19 NeWOX genes was identified and their protein-
related information, gene structure, chromosome distribution, phylogenetic relationship and gene expression
patterns were subsequently analyzed. The NeWOX genes were distributed across 14 chromosomes, and their
proteins were divided into three groups by phylogenetic tree, including WUS clade, intermediate clade and

ancient clade. Multiple sequence analysis of the NeWOX gene family reveals a highly conserved homeodomain.

Expression profile analysis shows that NeWOX4. 1, NeWOX4. 2, NeWOX13. 1 and NeWOX13. 2 have high ex-

FATH . AU AR MOV RHAHT A5 E (2019KICX001) | FK A ARHERL I H (31800560) Al M i FlH i1 551
H (201607020024 ) 3 [ % Bl

5% Wang M.J., Xu Z.W., Liu Y.T., Wang Y.,Zhu Y.L., Yang S.Q., Long J.M., and Peng C.C., 2022, Identification and ex-
pression analysis of WOX gene family in Neolamarckia cadamba, Genomics and Applied Biology, 41(8) : 1754-1766. ( LA, 44k
B, XFE, A2, KRR, HIkE, e, A, 2022, ERAK WoX BEEFKHENEE SFRES, FEBE A58 HAY
2 41(8) : 1754-1766. )
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pression levels in vascular. Particularly, NeWOX4. 1, NeWOX4. 2 exhibited the highest expression levels in
TCA (transition phase of cambium). These results indicated that NeWOX4. 1, NeWOX4. 2, NeWOX13. 1 and

NeWOX13. 2 might be involved in vascular development in N. cadamba. Analysis of the promoter elements of

the NeWOXs showed that there were rich ele-ments in response to light, hormone and stress. Collectively, iden-

tification and preliminarily analysis of WOX gene family members in N. cadamba has been conducted in present

study, which lay a theoretical basis for the further functional investigation of NeWOX genes in N. cadamba.

Keywords

WOX ( WUSCHEL-related homebox ) & [K 5 Ji% /&
FEY) Ry 10 5% 7 K%, TR TR I 380 (Home-
odomain) HFKEM— W32, H ¥ EHA 60~
66 M2 IR IR ILN) DNA 254 [FJEIL (Kamiya et al.,
2003 ; Park et al., 2005) . & X AR WOX J
KW RGE KB T, I WOX SR K] L
303, BN SE . hiE g 2 F WUS BEfk
% (Yang et al., 2017; Zhou et al., 2018) , (K544
(L3, BRES) 1 WOX FEAUR TRk X,
M S5 A ) WOX FER WA 7E T 3 A kAL 30
(van der Graaff et al., 2009)

CA MR, WOX A1 i Ty A K
REWMEEEZEEN, QiFRBREE . IRIEHAL.
ST 4E Ry . I g8 B R R F . A TR U
BEIRHAESE R HAESE (Jha et al.,2020; Tvorogova
et al., 2021), BL=XHE Y L g IF (Arabidopsis thali-
ana) A 15 4> WOX JEH, Horf AWUS 7ERER | £
GMZEIITHEH AP R, EWOEITE R 4 4 4
Rl 5 EE M (Laux et al., 1996) . AtWOXI 7E
TG AR R ) A e H AU R ARk, bR
KR RN R A E I FEK (Vanden-
bussche et al., 2009; Zhang et al., 2011), AtWOX2
M AWOX8 1e B3 R i & & bR E Ok 8 A
(Haecker et al., 2004; Ueda et al., 2011) , AtWOX3
JEFEM | BTN R E S R B T LT B (Matsu-
moto and Okada., 2001; Shimizu et al., 2009) , T
ZAKI M ( phloem intercalated with xylem, PXY) J&#%
N A AWOX4 SR AR T R UL R
TG A 0 ZE PR T (Ji et al., 2010; Etch-
ells et al., 2013) . # 8 ( Populus przewalskii ) Pir-
WOX4 B W R RS HAE MR ALK, WEELET
HEEER (Kucukoglu et al., 2017) , AtWOXS
ZHEKRET, TEMRR 4 H A b &5 & ZAE ]
(Gonzali et al., 2005) , AtWOX6 Z: 5Tk k T
WM RER L (Park et al., 2005) . 7EMIARH 2%
IR AtWOX7 LS LIRS ) J7 2 dhl AR 9 4
# (Kong et al., 2016) . AtWOX9 ¥&5 % &5 5

Neolamarckia cadamba; WOX gene family; Bioinformatics analysis; Expression pattern

YRS I, LA 2 A5 20 3 45 9 4 R Y 404k
(Wu et al., 2005) . AiWOX11 VL R H: 5] 96 358 A Ac-
WOX12 Z 5 R B 1AL (Liu et al., 2014a),
AtWOX13 & 37 W e HE 0 JE ) LA B 42 RS & &
( Romera-Branchat et al., 2013) , AtWOX14 7£ 835 4
BT S AWOX4 RIFTUAVER, 16T 400
e rh KA G E (Etchells et al., 2013) . A,
WA GE AWOX14 5 H¢ kAR R I & WL S ey 25
FR ARG R L AL AR BT A OC (Denis et al., 2017)
HET, T WOX FKEHE R TR 5 e AR AAE W) 8
A (Neolamarckia cadamba) ¥ AHE .

IAh, EA MR EMZ YRR WOX % 5 [
T 5 Y, PR IT AAW0X6 25
WA E T 52 (Zhu et al., 2004) ; #H Pag-
WOX11 Fl PagWOX12a =5 W8 btk s, P&
i 2 55 AR Y R 0BG I A 4 v T S A Y
i 5214 (Wang et al., 2019; Liu et al., 2021 ; Wang et
al., 2021); #34E ( Gossypium hirsutum ) GhWOX4 F
GhWOX13 fER M8 & T Ao ERZRIK, GRWOX13
TE PEG6000 4b 35 F i 7 L FERIK (Yang et al.,
2017) ; ZA4IKHE (Oryza sativa 1.) OsWOX FEH U Os-
WUS ., OsWOX3 ., OsWOX4, OsWOX5., OsWOX9 . Os-
WOX11 #1 OsWOX12 oyl AEEh | 5 LK AR a0
Ja ANFEFEEE ML E# 55 (Cheng et al., 2014) ; /KF§
OsWOX 13 BLATHE 98+ 5 A2 1 (W] I 28 AR A 4 H
(Minh-Thu et al., 2018); /N ( Triticum aestivum )
TaWOX3 Fl TaWOX8 1E T 5 W0 & b i % ik,
TaWOX3 ., TaWO0X6 ., TaWOX8 ., TaWOX10 F1 TaWOXI2
TEERINE T EEZEA (Rathour et al., 2020) %,

K TP ERL ( Rubiaceae ) H11E & ( Neolama-
rekia) W R SRR TR, 2 B 7 b X EE 2 () s A R
HA R m S By R AR, BIAERR . ZE IR TR
ARSI (Pandey and Nige, 2016) , #4if
ThEAAEINSE | BERSE | SRR B AU A (2RI
45, 2019) , GHAUME R, ADETEE T 4R N 2 E
THEGEAR 19 A NeWOX JEIH, JFITRE Tt &R o
BT GAS R A OSSR IE AN BRI B o3BT LA R ik PR 3
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IREERIMT, IRAWFIE NeWOX FEPR (4 D fig S HXF
AR B FITE 20 B BB LR,

1 &R

1.1 #ERKWOX ERRKRLEESHUXEST

BT B QRO 4 3 A B ( Zhao et al.,
2022), 454 BlastP FRSFEAS A IS5 R, PIb
REHPEAR WOX T, I HTEL M5 Plam 43
FrHEE S5, HERA S RSP a B ¥ 9, &5
e 19 A NeWOX JEH . ffi ] MEGA11. 0 3 {4
BT 2B AHFE T ( Neighbor joining method, NJ) X} 15 4~
AR I+ AtWOX , 18 B84 (Populus trichocarpa)
PuWOX Ll & 19 4~ NeWOX HEfT RS K FW 0T
gER R, SEIEEITEML, NeWOX Rkt 3 4
I3 (B 1) o NeWOX 5215 4% B 55 400 pig v ] 58 114 Kk
a4, 1240 WUS #4624 NeWOXI. 1 ~ Ne-
WOXI. 4. NeWOX2. 1, NeWOX2. 2. NeWOX3. 1,
NeWOX3. 2, NeWOX4. 1, NeWOX4. 2, NeWOX5 .
NeWUSL. 1 L Kz NeWUSL. 2, T £ &) 4k 57 60 45
NcWOX8, NeWOX9 Hl NeWOX11, I 4 1Rk 3z
£ 4% NeWOX13. 1~NeWOX13. 3, Hrh B A M £ 3
WiRZ WOX N 2 A8k 2L F B3R IF [H) IR
FEIR | WOX1~WOoX4 UL K WOX13,

1 3R WOX ZHRE R Ge#kboir
e A IR Ne: WHK; Pue: TR, 1. WUS #i1k
S I e S s I0: AR S

Figure 1  Phylogenetic tree of WOX family proteins in Neolama-
rckia cadamba

Note: At: Arabidopsis thaliana; Nc: Neolamarckia cadamba;
WUS clade; 1I:

Ptr: Populus trichocarpa; 1 : Intermediate

clade; Il ; Ancient clade

1.2 EREK Wox H&EHH

OO JE A 4L St 2P A b 4 SR R
(E2A), BRA WOX FER GG A R
ISR, A7 8 AN FE PR X Sl V8 T A B & il 55 14F,
VLA - BEE e B R WOX SR F ik
Wl EEEEH, b T — B wox 3L H7E
FASTRIB R BI HE LG R, FRATTO 400 e I A8 2
AKRIFER AT T IR 0T, 255K, 5 R
IR 22 AN HRR Y AR AF AR KR L2 R X
P, BEAPIRIT YO R Y5 ZA KRR R # R A g
OARIEAE LR PE X B (K 2B) , BER R S T 4
otk wox B 15 %5, Hh i 6 ARSI wox %
PR 43 0 R A AR TR R B 2R R WOX R, DL 2521
VLT E AU WOX FE N S5 7 WOX K&

P2 BEEAR NeWOX S ILLR 4B

T A BFORAIENA NI B: BRIt 19 BRI
PRI ] SRR T 5 R (0 2R A5 AR B/ WA W i ) g 3
LRMESERIXT, 2 A AT WOX KL PR Y 3L Z 5 DA X
Figure 2 Collinearity analysis of NeWOXs in Neolamarckia cadamba
Note: A: Collinearity analysis within Neolamarckia cadamba ge-
nomes; B: Collinearity analysis between Arabidopsis thaliana and
Neolamarckia cadamba genomes; The gray line represents all
gene pairs that have collinearity within Neolamarckia cadamba or
between the two species, and the red highlight line represents

WOX collinearity gene pairs
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HARRIR, et fenyd i rh s AR R A A= 172N
A L R G ARy B 2 A

1.3 EHZAWOX EAMBESH

NeWOX 25 1 )7 1 B Ak 5T i) 43 B 45 SR R
(£ 1), NeWOX HHIFHIHKEELE 165~396 aa, 57 F
VU 18.85~43.27 kDa, 25 SN 5.56~
9.46, Hrh, HEASFH ST T WRERA B
74 NeWOX 4 H ( NeWOXI1. 1, NeWOXI1.4, Ne-
WOX8, NeWOX11, NeWOX13.1, NeWOX13.2 A
NeWUSL. 1), FHHGEH S KT 7 B9t E A e
12 /4~ NeWOX £ F ( NeWOX1.2, NeWOXI1. 3, Ne-
WOX2.1, NeWOX2.2, NeWOX3.1., NeWOX3.2,
NeWOX4. 1, NeWOX4. 2, NeWOX5, NeWOX9, Ne-
WOX13. 3 1 NeWUSI. 2) , NeWOX & H A FaE TS
ke, JUE R 42.71~75. 22, NeWOX & R IE
1 2B 52.20~69. 49, Hirh NeWOX9 HJJig 1 52 %4
B, HEREE, NeWOX Y B sk 1551
TE-1.042~-0.417, ¥IRME, J&8 THRKEEA,

NeWOX & MM rds R s (£ 2),
NeWOX A o 48 E, B-F4 . AT A AT HL I
Bl , H NeWOX 2 LA o-SRTERICHLINE: il 4
F, % NeWOX8 I NeWOX11 4k, NeWOX —ZZbkeeH
I HEHT R JERIIN 5 > - WEUE > AE A B > B-FE 1, Ne-
WOX ZEJ 51 A 020 B 67 Tl i 73, 19 /) NeWOX

F£1 HPAK WOX &AL R

PIRERLT UMM, FFG T A E AR
1.4 #ERK WoX ERFKERBEKEMS

BT HEAIE WAL, Xt 19 4 NeWOoX A
PR OMRENL . SRR (1 3) |, 19 D NeWOX
BRI ) 14 SRR b, BRARY AR chi07
chr09 | chrl4 | chrl5 1 chr21 £ 2 4~ NeWOX F:[H |
THAL G R HA 14

1.5 BFEKWoX HERRKRFTEME, RFERF
SERZETH

{8 ] DNANAN 1 MEME 2 fE%F 19 4~ NeWOX
B S B RSF B #4740 0 . 45 R R (&
4; El5), NeWOX ST E 1A EEIRSF Y
“ JBUE — IR —WERE T - MEE T IR S5 A Sk (R 4A)
WUS-box 5% ( TLXLTP ) AU AF7E T4 1 /) WUS i
k3% (K 4B). 7E NeWOX & [ 14 57 35 ¥ 43 7 h
(B 5A), 525 | FIELFE 2 N RVRSS B, 7278 T Fr
A B NeWOX & 15 ¥ 3 WUS-box 3 )7
(TLXLTP) , £ T4 1 i NeWOX ZEH ', Ne-
WOX B FZEGER s Fras R (K 5B) KW, 7Ei%HE
RE WA F NS FEMAEE S, (HE%C
FRBORMEER S AN - N E TS5
JA L& T 0 A L, WA MM N 2 1)
W1, Hrh NeWOX13. 3 REAHWNE T,

Table 1  Information of WOX proteins in Neolamarckia cadamba

. e BRI (aa) SrFhE(kDa) s ARUEIEEC IRWRESERISE. BBk IsE
EH,@%\ ek No. of amino Molecular mass Isoelectric  Instability Aliphatic Grand average of
Protein name Gene 1D acids (aa) (kDa) point index index hydrophobicity
NeWOXT. 1 evm. model. Contig21. 449 358 40. 44 6.08 58.29 56. 48 -0.879
NeWOXI1. 2 evm. model. Contig230. 3 286 32.44 8.13 59.70 52.20 -0.973
NecWOX1. 3 evm. model. Contig371. 72 338 38.72 9.14 58. 45 66. 36 -0.763
NeWOXI1. 4 evm. model. Contigd5. 151 357 40. 65 6.24 64. 83 58.77 -0.901
NeWOX2. 1 evm. model. Contig207. 274 259 29. 46 8.96 75.22 62.55 -0.714
NeWOX2. 2 evm. model. Contig583. 204 261 29. 81 9.10 63.17 60. 96 -0.679
NeWOX3. 1 evm. model. Contig207. 192 224 25. 66 9.05 61.67 54. 87 -0. 877
NeWOX3. 2 evm. model. Contig583. 143 220 25.47 9.28 42.71 54.59 -0. 836
NeWOX4. 1 evm. model. Contigl2. 525 221 25.48 9. 46 49.51 56. 06 -1.042
NeWOX4. 2 evm. model. Contig555. 419 232 26.73 9.28 48. 80 53.92 -1.000
NeWOX5 evm. model. Contig96. 218 165 18.85 9.12 63.63 66. 18 -0.716
NeWOX8 evm. model. Contigd81. 32 396 43.27 6.86 55.97 67.47 -0.484
NcWOX9 evm. model. Contig565. 25 393 43.11 8.29 48.09 69. 49 -0.487
NeWOX11 evm. model. Contig28. 288 259 28. 68 5.81 74.23 69.27 -0.417
NeWOX13. 1 evm. model. Contigd83. 17 269 30. 07 5.70 54. 44 60.22 -0. 800
NeWOX13. 2 evm. model. Contigd5. 634 274 30. 66 5.56 60. 06 61.97 -0.815
NeWOX13. 3 evm. model. Contigl6. 50 252 28. 66 7.10 59.72 62.70 -0. 862
NeWUSI. 1 evm. model. Contigd5. 514 274 30. 85 6. 00 57.61 53.07 -0. 883
NeWUSL. 2 evm. model. Contig394. 345 286 32.44 8.13 59.70 52.20 -0.973
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F£2 EPEA WOX H 1 L
Table 2 Prediction of secondary structure of WOX proteins in Neolamarckia cadamba
HHA a-BRHE (% ) B-F&1 (% ) SEAEE (% ) JEHLE R (% )
Protein name Alpha-helix(% ) Beta-turn( % ) Extended strand (% ) Random coil (% )
NeWOXI. 1 27.93 2.51 11.17 58.38
NeWOXI. 2 29.50 2.36 10.91 57.23
NeWOX1. 3 25.15 2.07 10. 36 62.43
NeWOXI1. 4 26.61 2.80 11.20 59. 38
NeWOX2. 1 16.99 3.09 6.59 72.97
NeWO0X2. 2 14. 94 3.83 11. 88 69. 35
NeWOX3. 1 26.79 3.12 8.04 62. 05
NeWOX3. 2 26. 36 3.64 13.18 56. 82
NeWOX4. 1 28.51 4.07 8. 14 59. 28
NeWOX4. 2 28. 88 4.74 5. 60 60. 78
NeWOX5 36.97 4.85 13.94 44.24
NeWOXS8 13.13 3.54 13.13 70. 20
NeWOX9 13.49 3.56 12.21 70.74
NCWOX11 15. 06 6.56 16.99 61.39
NCWOX13. 1 30. 48 2.23 3.72 63.57
NeWOX13.2 36.13 4.38 3.65 55. 84
NeWOX13. 3 37.70 3.97 5.95 52.38
NeWUSL. 1 18. 61 4.01 8.03 69. 34
NcWUSI. 2 21.33 3.85 6.99 67. 83

B3 HBEAR NeWOX B K Y (oA e fir

Figure 3 Chromosome location of NceWOXs in Neolamarckia cadamba

1.6 ERK Wox EEFKERIEEX S

R THHSE NeWOX FER FRAEE R AR E R K E
HIVERT, FRATTHE T8 AR FE SR A BUHE (Zhao et al.,
2022) % 19 A~ NeWOX e HTE i AR ZH SR LA
BRI AESE H AUk & AR J AR T 0 b, 45
RER(E6), NeWOX FEHFEAEAFTNHA —E
Bk, Hd NeWOX4. 1. NeWOX4. 2. NeWOX13. 1 Fil
NeWOX13. 2 W3k i h B3, AAEgeg a8k
KR E . NeWOX4. 1 5 NeWOX4. 2, NeWOX13. 15
NeWOX13. 2 PR alEIE N, A mA L, AL

4395 A 79.9% F1 86.5% , HiH NeWOX4. 1 5 Ne-
WOX13. 2 Fih s A X8y, BRI NeWoX4. 1 5
NeWOX4. 2, NeWOX13. 1 5 NeWOX13. 2 vl REfFAEThRE
U4, H NeWOX4. 1 5 NeWOX13. 2 k4% F 5 I BE,
AR, EAEHS 3 MR ERY (¥1E
A WAEAER AW AE A A R A AR K ) 22
W, NeWOX4. 1 F1 NeWOX4. 2 15 56 3 3 19 1 12
(TCA) Fik i fwm H B2 RRK, RPHTES S
BRI A AR R AR AR KRR B A R

KT HE— 2 WE NeWOX4 Fl NeWOX13 KA 1)
FIRBER | X NeWOX4 Fl NeWOX 13 FE[H HEAT 520 5¢
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K4 EwRA WOX 2 P8I ST S50 53 B

TE: A: SRR WOX H 1 WRUE -3 - e - % ) - e
SEF 5 (HD Z5H950) 7305 B B WOX 2 WUS-
box F£JF ( TLXLFP)

Figure 4 The conserved domain analysis of NeWOX pro-
teins sequence in Neolamarckia cadamba

Note: A: The Helixl-Loop-Helix2-Turn-Helix3 domain
(HD domain ) analysis of NeWOX proteins in Neolamarckia
cadamba ; B: The WUS-box domain( TLXLFP) of NeWOX

proteins in Neolamarckia cadamba

5 EREAR WOX FIGIRSF L7 S HAL R I 2544

JtE it PCR(RT-qPCR) 43171, Z5REW], £ 8 A
[F] 4 413K A o NeWOX4. 1. NeWOX4. 2 Lh K Ne-
WOX13. 2 TE¥) 2 S AL B2 ¥ s 2k (B 7A)
FERAEAE R IR A AR K 2571, NeWOX4. 1 Fl
NeWOX4. 2 TERIRHWIE B2 (TCA) Fik g,
NeWOX13. 2 e85 3 ) 8 12 AR B2 34 ('TCA Al
TPH) F£ikHEE (E 7B), 1M NeWOX13. 1 TEFFAH
U FeIR AR, X 55 A W JE R Feak 45 1
—5, UL SR P 2 SR e R . B, R
Pl S 2l A B ¢ 6 3 1 B IE (1) J PR R iR 45 R R,
NeWOX4. 1, NeWOX4. 2 F1 NeWOXI3. 1. NeWOXI3. 2
TEEEE UL E R RIR, TREAIS 5 R AR 2L 4]
VR HITEEA X,

1.7 #ERK wox EREEZHFFIIRNKERTHS

BT u AR AR, JRINeWOX ZEE iR
T (ATG) 37 2 000 bp 51344 ] PlantCARE
/¥4 (http;//bioinformatics.psb.ugent.be/webtools/
plantcare/html/ ) 73#7 , £ NeWOX B[R Kt 0 G s+
W R BT RS R | O AR AR e A O A4 I
JUPF (I 8, JH v 3 3 i oz e B 475 24 T TR P 1
HRER | BIETR . KGR LA K AR B 3R A Wi S5 i) 1o
JUPFELARBTAE | 45405 DL SRR 5 . B2 A HH 3R
URIIT WOX Fe N2 5 RS 5 5 L2 2 640

TE: Ar B WOX KIRIRSFHEF 0075 B: B WOX BRI Z5H 43475 0.1 .2 & FARL
Figure 5 The conserved motif of NeWOXs and gene structure of WOX gene family in Neolamarckia cadamba

Note: A: The conserved motif analysis of NeWOXs in Neolamarckia cadamba; B: The gene structure analysis of WOX gene family in

Neolamarckia cadamba; 0, 1, 2 is intiron phasa
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Bl 6 BRA NeWOX FEFIAH L Fiktbizt

Figure 6 Tissue expression profiles of NeWOXs in Neolamarckia cadamba

E 7 RT-qPCR BAEA[FLHLTAL T NeWOX4 Fl NeWOX13 (R I5 B

TE: Az NeWOX4 Fl NeWOX 13 1E 8 DA RIZHLURAL HAXT 2R 4 B2 NeWOX4 F NeWOX 13 eSS LT AR ik it
Figure 7 Analysis of relative expression level of NeWOX4 Fll NeWOX13 at different tissues by RT-qPCR

Note: A: The relative expression of NeWOX4 FIl NeWOX13 in 8 different tissues; B: The relative expression of NeWOX4 1 NeWOX13

in stem nodes at transition period
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K8 BRA NeWOX FIEHN A 35 e S AE Tl F o

Figure 8 Analysis of cis-acting elements in promoters sequence of NcWOXs family genes in Neolamarckia cadamba

B, MEKZRIES AWoX4 33152 588 IF 1 E
KKEE (Sueret al., 2011); Z 1055 LKW Ar-
WOX13 FERX THIRE S @ A GUE RS B s+
Sy 5 (Tkeuchi et al., 2022) ., FEEFAENE . ME
I 2B A K45 OW TG BT, NeWOX 55 R 5815 Al g
ZH5WURGFETHS . BROTEEE . XA AEEAE
Yyl En B 157 LA K BIAEE 5

2 e

B o e 3 00 D R T R S R Y R A 1
fiX, PP e B R AN, Y RHEAT
FEPI A 2 AR AR, Ay i PR R 1 S LA B B PR 25
Fy | RSB FN I E 73 M S5 AH C ST BEE 1 kAl
XFPARAREYIM S, T IRER I AT AR W) Mk T
HEFIE IR E B, BRI, A58 02 15 3 40
S ACHIHLHDN A A= M i i 45 AR U R G, AR
M, S48 B R AE Y 1 I8 2 B L
HEARAMGE, (HE T ARAREY ALK HVE W
JRTE SN EE A Fr i e . TERYI, WOX AE
H—ANEEMER R, HRmEEa RS S5HY
R EFWZ A1 (Breuninger et al., 2008; Cost-
anzo et al., 2014; Dolzblasz et al., 2016) , ARAfF57HE
TR TEN AL LA K s U808, il it Z R A
HESIRYEE T 19 4 NeWOX 3K, IEXF NeWOX

FHERE Ve . gt | 7 40 i o )
RGRBW, DRSFHEIT | IRSFAT L, DA 5L
g5k Yetafioe i, FB A LR 37 AE H
TSI T A M, NG SR AWESE NeWOXs 1E
R ARA A R B e g T Y D BB e B

FJR4E A1 (HD) A1 WUS-box 45 #4382 WOX
FIE PR S5 B, HD 1Y DR ok 4% 1 7
454 %] DNA 85 I, 1ER SR — s B AR 1R
(Keleher et al., 1989; Hayashi and Scott, 1990; Jiang
et al., 1991), HATRKT WUS-box 45438 i i 5% &
BURAE WUS 3R &, 7 WUS S 545 250k
LT YR PE R FE R, WUS-box 22 & #E 41
TSP RVE 4 Rr T AN s 5 4 19 s A -
T4k, WUS-box 5 HoAtl A B AH B AE 26 H A
il R AR R 3G T, R B, WUS-box X+
YRR W A4 R G HZMAER (Tkeda et al.,
2009; Dolzblasz et al., 2016), NcWOX4 Jg T WUS
LS, IAIRSTAY WUS-box S50 58, H HAE4E4S
ERJZ B &£, Wik, NeWOX4 7 i85 5i##%
BORAZEAE T NZE TARNEE

FHIE TR O, B 5 R WOX ZR 5 R 25
I, ULHIARASHEIY) WOX 9 LA 48 i B A STk
SRRV, W PoWwoX4 #l PoWoX13 127 i,
JZ ) F 308 LA R A A 1) AR I 8 347 A AR R 8 v 114 2%
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ik (Liu et al., 2014b), AHBFS5E PP K Ne-
WOX4. 1. NeWOX4.2. NeWOX13. 1 F1 NeWOXI3. 2
S AL h IR R, YL WOX4 F1 WOX13 #E
W R G b By R B AR L, #E— 2P 58 kR
¥kt PrWOX4a PrWOX4b RNAi F8 kK 998 12 95
BRI/, R AE R TR IR K A MBI BR, 4E4E IR
AR ZE T E W, K ICkIER BB K,
R A R 3 A KA B T (Kucukoglu et
al., 2017) , BRIILFRATHEM B AR NeWOX4 d 7] G2
HEPARGEER AL KSR, Radtfbairky,
AtWOX 14 3R 7% WOX &R Z b A e, H
PEUERNRE T AL 7 25 o 48 45 40 it ) o3 Ak AR Bk, HL
5 Aawox4 BEH IR ICAVEH (Etchells et al.,
2013; Zhang et al., 2019) . T {E B G2 A Az 4 o #5
WA AWOX14 [AJRIER |, HAE 2 4 AaWoXx4 [a) IR
N, H NeWOX4. 1 ZER)EARTH (PX) A B %
ik, BOHHE N NeWOX4. 1 75 $E 4k ot Frp B AR T
WOX14 ThRE, 2548 38 4845 400 09 2 fL Fn oA i
b, H5 NeWOX4. 2 fF1EYIRETUAY . BRI T ARAE
Y WOX13 FEH DI RE 5T DA il 76 & #F A
Y ( Physcomitrella patens) "', WOX13 &1 4l % 4=
o A B A AR R EEEE ] (Sakakibara et
al., 2014) , 1 NeWOX13 1E ¥ 2RGS0 = i
ik, WILHFFE NeWOX13 %45 WOX13 () IhfE B
AEEZX,

MY AEE K& 32 B Y B3R A% %,
ERRFES Wox4 RS 58 MITIEREN LT
(Suer et al., 2011) ; ## ARF7 (AUXIN RESPONSE
FACTOR7) H4%5 WOX4 W3 8 T 456 39815 Hk
ik, WA AR ZEMARERE S DR TIERZ G
PE (Hu et al., 2022); #E4RiE, REE (GAs) S5
ARMWIE R, R B= A B A 4k /) 534 ( Digby and
Wareing, 1966; Wolbang et al., 2004; Israelsson et
al., 2005) , TEMRAETT, WOX13 BEIR7ELT 4 v opy b
ik, Bz ERZMGRERBRRE, £Y Gh-
WOX13 FE K AT RETEAE Y R N S AR AL 2 K
HEZEAEH (He et al., 2019), 1M NeWOX4 F1 Ne-
WOX13 SER e S 8 m i Rk A g sh 7 11
FEAEA KRR AR EE Z W oo, R e tiE A4
KEZERBEZNN- NS HERAEEEHLNIET .

$LrE I+ M =X AE I JGA4 DRE ( Dehydration-respon-
sive element) “TACCGACAT” 2 % & PLmw i T 1 5
R LA K #: W 38 ( Yamaguchi-Shinozaki et al.,
1994) , ## PagWOX11 1 PagWOX12a )5 5 H

WAFLENR K % Te 4 (DRE) , HAZ O ¥ 5k “ AC-
CGAGA” , s & UFE B #% 5% [l ¥ PagERF35 5 Pag-
WOX11 1 PagWOX12a J& 81+ DRE JTib45 46, W
NASHHE (Wang et al., 2019) . ARWFFEEF A
ik B NeWOXI. 1 B )3 8+ A1 % “ TACCGACAT”
DRE YEFH e, NeWOXI1. 4 WY 8 F & 4 “ AC-
CGAGA”DRE #0741, T RBATHEDN NeWOX1. 1
M NeWOX1. 4 W e T 5 | ARG DA SR 36 e b A7
Ko WA, B BF IO TR R 24 NeWOX 3
Je ST AFE SR ATR F R 04 Wi B e 4, X R NeWOX
FEREYI B T RE I A B A, R, PR
NeWOX J& 8l Wi )2 R Te A4 0 & 3 L KA 56 WoX
BT PEDIRERIEY, 5 R R AAE Y B P 52 07
T — A TE R, B RTFRATIE AR A H 2R AR AT
PE PR EEAC IR, IR AL BRSS NeWOX 335 &
(AEAL, AL NeWOX B35 A5 55 A0 AN 35 R e 45
] 5t A 2 7 VA R I UE L D AE, R ] NeWOX 7E 2
AR A A A DA R 2R il 45 1 17 7 9 43 HIL D 25
S FEA

3 #MBERE
3.1 wWox EERKHEESHULXRSH

AP AT C X BB (2011 FEFHE T
R A K2 ) T Jre 4 BE LA, D s T e 25040 2
#2238 & NCBI BioProject £ ¥ )%, & 515 A PRJ-
NA650253 ( Zhao et al., 2022), M Tair % 4 &
(https ://www.arabidopsis.org/ ) H1 3K 15 15 > #LFg IF
WOX P51, LIBEIT WOX & FF10 query,
] TBTOOLS %K ( Chen et al., 2020) A< 3 45 5%
NeWOX & 1 5 8, [ i, M Plam ¥4 2 9 3
(http://pfam.xfam.org/) T 2 WOX FKI% W B 5 /R B
KA R SCF (ID. PFO0046 ), Fl| Fi HMMER
(V3.2. 1) BN NeWOX £ [ 7 91 i 47 2 AR ST 45
PSR R Y RE . 454 BlastP FIRSF 450 3 % 22 1Y
ZERWILH L NeWOX R GY , Il FHTELk ) il
Pfam 73 HTHAE FIA5 M50, HEBR A & IR <7 45 F B
5, FERIEIRETT WOX &5 IR 5 AL ¢ & i
2o AR IR A B R WOX KR R |
S Liu 55 (2014b) B9 77 ¥, JF A NCBI %4 4
(https ://www.ncbi.nlm.nih. gov/ ) 25 BUFH B 1) 25 H 7
5, fdi il MEGAT1.0 % B9 MUSCLE J7 % %f Ne-
WOX , AtWOX Fl PuWOX P FIHEAT LT, i
LRI H R G K B, ¥E8E Complete Deletion
F1 P-distance #3(, Bootstrap & 4 1 000 X,
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FaELLE TS

FE TV TR AR R I 5 R A P 47 S DA R R A
SERTEREAR 2 SO, H 48U RS 37 7 91 SO DA il
phytozome13 ( https;//phytozome-next.jgi.doe.gov/) T
#, {1 TBTOOLS 41 One Step MCScanX jfig
SRR RPN | B R S 40 g I Ao ] B DY 4
g A3 A, P 2280 Num of BlastHits 73 5l 1% B 4
5 F14, E-value BEE N le-10,

3.3 WOX EEAYEEZENHT

i FH 7E 28 I 3 ExPASy Proteomics ( https://
web.expasy.org/ protparam/ ) 73T NeWOX & H i) FEAL
PR, AR EEMEH | T, SR ARESS
LI ES Y OSE Sl v st S S A R R A L b
SOPMA ( https://npsa-prabi.ibep.fr/cgi-bin/npsa_au-
tomat.pl? page =npsa_sopma.html) 73 #7 NeWOX 2§ [
TG g R, I 7E 26 W 3 Plant-mPLoc  ( http://
www.csbio. sjtu. edu. cn/bioinf/plant-multi/ ) X} NeWOX
AR AT S 240 S S

3.4 WoXx BEEFREKEHEEBEEMS T

BT R RN off SCIF, ] TBTOOLS %%
XS NeWOX i PR GG ISR HEA T e (1A SE (70T

3.5 WOX XRRFEME, RTFEFEEREW
S

{fi H} DNAMAN #fF3F NeWOX 25 155137 %
FEHILERT, FF53 4 NeWOX 2 H BT A /) HD 4544
I A WUS-box £ 358, i JH] 19 i 73 #r T. H. MEME
(http ://meme-suite.org/tools/me) 43T NeWOX i [
AIPRSFEESY , BOE PRI FUEE B 10 4>, fnda A
BJF 1~ 37 10, FRR A4 R AR A7 08 XML SCPE
Tlagez K, T HRARIENH off M, A
TBTOOLS $KAF43HT NeWOX 3EPH F 5 i 3 P 2544

3.6 WoXx EEMRIEZEX ST

ARV i O AT B B | 2R 2R
R W | R L Y 2 B B S A R
R PO WA #1 2R BC3 ASAN [F] & B 0 () A 2R
Koo AR AR K Az 1) A= AR B i N 40 ) 10 24 5
ML EFSE, 2021), HDFEMBTE 3 MEY Y
A, R SRA (FERBIEA AW ) . b
JEIHIN P B0E B 338 & NCBI BioSample BEE, &
5145 SAMN15700859 ( Zhao et al., 2022), K]
FPKM ( expected number of fragments per kilobase of

3.2

transcript sequence per millions base pairs sequenced )
XHEN R IRIKEARiElL, I8 H] TBTOOLS Hf2:il
NeWOX FEN kI, D RE i S i I AR
%I LightCycler480; 15 & A i 4E %8 4 Wl 1Y SYBR
qPCR Master Mix; NeUPL VE NN SR (K545,
2018) , fff I AH A & 275 5 ik oA R 3k
BEE,

3.7 wox EEEZHTFRIRAER T4

FHBERAZE P AUE R, $RENeWOX HHE 1h
T (ATG) i 2 000 bp J3 3+ 751 ; ffi FH /o
1 1T H PlantCARE  ( http ://bioinformatics. psb.

ugent.be/webtools/plantcare/html/) , FiUilll WOX F&
JE BT RBCAE FHTC I, X T30 245 SR A s 47 4 B
IFEH TBTOOLS AR #EAT IR 31Tl nTHAL

fEETTHk

FUREABI IR LR B ML R BT B ST
N, SEREAE T | SRR R SR AR ik
B, KT . EREMARM RS S LRBT RS54,
Kot 2 BEA S TRt Bl b
FESCEAE S B, AR AT e 1 [R] B e 4 1Y
SCA
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